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1
SUMMARY 
 
 
 
The removal of atrazine from water using direct photolysis by UVA (320-400 nm), 
UVB (280-320 nm) and UVC (253.7 nm) radiation was investigated.  The effect of 
the presence of natural organic matter (NOM) on the photolysis of atrazine was 
evaluated both for NOM-free and NOM-rich waters for different initial atrazine 
concentrations. Atrazine degradation, at initial concentration of 5 mg/L, by UVC 
irradiation showed about 95% removal within 60 minutes compared with 34% 
and 10% using UVB and UVA irradiation respectively.  
 
The presence of NOM had a negative impact on the removal of atrazine where 
8% and 15% reduction in degradation was observed in the presence of NOM 
levels of 5 and 15 mg/L, respectively, for samples treated by UVC irradiation. For 
UVB irradiation reduced atrazine removal in the presence of NOM was also 
observed. This reduction may be attributed to the screening effect for UV 
radiation by NOM compounds. The use of UVA irradiation showed no significant 
removal of atrazine under all conditions tested, however the presence of NOM 
has a positive effect on atrazine removal by UVA irradiation due to the 
photosensitizer role played by NOM molecules.  
 
The high absorption by atrazine of UVC wavelength (253.9 nm) is the main factor 
for its better performance compared with UVB and UVA irradiation, suggesting 
that atrazine removal by UV-irradiation is mainly due to direct photolysis. The 
results show that UVC irradiation has the potential to be used for the treatment of 
water contaminated with atrazine. 
 
Atrazine removal has been determined also on the basis of UV doses. Applying 
the same UV dose showed that atrazine removal by UVC was higher than UVB 
and UVA irradiation both in the presence and absence of NOM. Applying a UV 
dose of18 J/cm2 on atrazine (5 mg/L) in NOM-free water resulted in 99%, 36% 
and 10% removal of atrazine using UVC, UVB and UVA irradiation, respectively.  
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Atrazine removal is inversely proportional to its initial concentration. For atrazine 
in NOM-free water, approximately 70%, 80% and 88% of atrazine was removed 
after 30 minutes of UVC irradiation for initial concentrations of 10, 5 and 2 mg/L, 
respectively. 
 
The presence of TiO2 (25 mg/L) increased atrazine degradation for all UV 
wavelength ranges in NOM-free and NOM-rich water. For example, atrazine 
removal by UVB irradiation increased by 20%.  Increased TiO2 concentration 
(125 mg/L) has a negative impact on atrazine removal by UVC and UVB 
irradiation as the shielding effect of the catalyst particles reduced the photo- 
catalytic degradation of atrazine. The increased TiO2 concentration led to a slight 
increase in atrazine removal by UVA irradiation as TiO2 produces the highest 
level of OH● radicals under UVA irradiation. The increase of atrazine removal in 
the presence of TiO2 by different UV wavelength ranges suggests that under 
these conditions atrazine removal is due to direct photolysis as well as oxidation 
due to the formation of OH● radicals. 
 
UVC, UVB and UVA irradiation resulted in the formation of atrazine and NOM 
(when used) degradation products. Identification of the atrazine degradation 
products was not in the scope of this study. The results obtained show that 
complete removal of atrazine molecule was achieved. However measurements of 
TOC, BOD and COD concentrations during atrazine degradation by UVC, UVB 
and UVA irradiation suggest that the UV processes tested are insufficient for 
complete treatment. Therefore, further investigation into complete mineralization 
of atrazine, atrazine by-products and the NOM compounds is required. 
 
Nitrite formation occurred with atrazine removal for all UV ranges tested. Nitrite 
concentrations were markedly higher in NOM-rich water than NOM-free water, 
which indicates that nitrite formation was mainly due to the breakdown and/or 
mineralization of NOM molecules by UV radiation. The presence of TiO2 
increased the formation of nitrite for all UV ranges due to catalysis of the 
photooxidation process of atrazine and NOM. The highest nitrite concentration 
measured was 0.14 mg/L, obtained after 60 minutes of UVC irradiation in the 
presence of NOM (15 mg/L) and TiO2 (25 mg/L). This nitrite concentration is far 
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less than the concentration at which nitrite is toxic to humans (the Australian 
maximum contamination level is 3.0 mg/L). 
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OBJECTIVES 
 
 
The main objective of this study is to evaluate the effectiveness of UVA (320-400 
nm), UVB (280-320 nm) and UVC (253.9 nm) for photooxidation of atrazine.  
 
Associated objectives are to assess the effect of the presence of background 
organic matter at different initial concentrations on the removal of atrazine.  
 
The study also evaluated the performance of combined UV irradiation and the 
catalyst TiO2 to determine the effect on atrazine removal from water.  
 
The scope of the study comprised the following: 
 
• Investigate the effectiveness of UVA, UVB and UVC irradiation for 
atrazine removal from NOM-free water for different initial 
concentrations of atrazine.  
• Investigate the effect of the presence of NOM on atrazine removal 
using UVA, UVB and UVC radiation. 
• Determine the effect of the photocatalyst TiO2 on the removal of 
atrazine both from NOM-free and NOM-rich water for UVC, UVB and 
UVA irradiation. 
• Assess the degree of removal of atrazine by UVC, UVB and UVA 
irradiation in the presence of the catalyst TiO2 in terms of the surrogate 
parameters TOC, COD and BOD.  
• Determine potential formation of toxic levels of nitrite in the treated 
atrazine samples in the presence and absence of background NOM. 
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THESIS OUTLINE 
 
 
The background theory and objectives of this study are described in chapter one 
of this thesis. Materials and Methods are described in chapter two. Chapter three 
covers the investigation of atrazine removal for the different UV irradiation 
wavelengths UVC, UVB and UVA, in the absence and presence of NOM. The 
effect of the photocatalyst TiO2 is also discussed. Measurements of nitrite, TOC, 
COD and BOD measurements are summarized and interpreted. The applicably 
developed of a model for atrazine removal is discussed in chapter four. 
Conclusions and recommendations are proposed in chapter five.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
CHAPTER 1 
Literature review  
CHAPTER 2 
Materials and Methods 
CHAPTER 3 
Photooxidation and photocatalysis of atrazine by UVA, 
UVB and UVC radiation 
Measurements of TOC, COD and BOD and interpretation 
of chromatograms for atrazine degradation products  
CHAPTER 4 
Conclusions 
 
 
  
6
CHAPTER ONE 
 
 
1. LITERATURE REVIEW 
 
1.1 ATRAZINE CHARECTRISTICS    
 
Atrazine is a herbicide which selectively controls weeds. It is used to control 
pigweeds, cocklebur, velvetleaf and certain grass weeds in corn crops without 
causing any harm to the crops. The last few decades showed enormous increase 
in the use of atrazine because of its efficiency in reducing crop losses due to 
weed interference and therefore led to economic benefits (www.ianr.unl.edu).  
 
Atrazine became the most used herbicide in the US, particularly in 1987-1989 
(www.waterqualityreports.org). The US Environmental Protection Agency 
(USEPA) estimated that 40,000 tons of atrazine were used annually in 1985-
1987 around the world (Barrett and Williams, 1989). Later estimation showed 
reduction in consumption to 36,000 ton/year (Hilleman, 1996). 
 
Atrazine is a white, non-toxic crystalline solid organic compound, with the 
following chemical and physical properties: 
i. Molecular structure: C8 H14 Cl N5 (Figure 1-1). 
ii. Molecular weight: 215.69 g/mole. 
iii. Solubility in water: 30 mg/L. 
iv. Half-life is 12-213 days over a wide geographical range in Australia 
(quoted by FHMG, 2000). The degradation rates of atrazine in soil depend 
on temperature, soil conditions and surrounding environment. Under moist 
and warm conditions, the half-life of atrazine in topsoil is about 60 days, 
but in subsurface soils or in water the half-life is generally longer 
(www.ianr.unl.edu). 
v. Chemical name: 2-chloro-4-ethylamino-6-isopropylamino-1, 3, 5-atrazine. 
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                                                                    Cl 
 
                                                        N                 N                                              
                                                                                           CH3          
                                      C2H5-NH              N                NH-CH 
                                                                                           CH3 
Figure1-1: Atrazine molecular structure 
 
 
 
1.2  ATRAZINE AND THE ENVIRONMENT 
 
The use of pesticides has a great benefit to the yield of corps in agriculture. 
However, the widespread use of pesticides has contributed to the pollution of the 
environment. The main problems are the toxicity and the stability of these 
refractory substances, which leads to their accumulation in the environment, of 
particular concern is the pollution of drinking water (Prado and Esplugas, 1998). 
 
Although atrazine has a low solubility (30 mg/L) in water, once dissolved it has 
high mobility causing surface and groundwater contamination. Alternatively 
atrazine may adsorb onto the soil particles and biodegrade slowly, its long half-
life depending on the surrounding environment (e.g. temperature, humidity and 
pH). Consequently, atrazine may reach water resources through runoff to surface 
waters (e.g. streams or reservoirs) by either being dissolved or transported 
adsorbed to soil particles in runoff water. The likelihood of atrazine loss in 
surface runoff depends on many factors, including quantities applied, the location 
of the application and time of application, soil type, soil pH, surface residues and 
the amount and intensity of the first rainfall after application. The greatest risk for 
potential atrazine runoff occurs shortly after application, when atrazine is still in 
the surface layers and has not become tightly bound to the soil 
(www.ianr.unl.edu).  
   
The high mobility explains the detection of atrazine in groundwater and surface 
waters. For example, atrazine was detected in some groundwater samples in 
Perth, Australia, at a concentration of 0.02 mg/L in the vicinity of an area where 
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atrazine was used over 10 year period (Tilbury, 1999; IARC, 1991). Atrazine has 
also been found in dinking water supplies in some countries (IARC, 1991). 
Atrazine may be released to the environment from manufacturing plants through 
spills, leaks, and wastewater. 
  
The fate and transport mechanisms of atrazine were taken into account in 
deriving drinking water guidelines. The 1958 and 1963 International Standards 
for Drinking Water developed by the World Health Organisation (WHO) did not 
refer to atrazine; until 1971 pesticides were not regulated on the assumption that 
any residues that may occur in community water supplies made only a minimal 
contribution to the total intake of pesticides for the population served. In 1993 the 
WHO established a health-based guideline value of 0.002 mg/L for atrazine in 
drinking water (Table 1-1). In June 2000 it was concluded that atrazine should be 
retained in the Guidelines, and the Food and Agriculture Organisation (FAO) and 
WHO were requested to evaluate it as a high priority (www.who.int).  
 
A guideline for Maximum Contamination Level (MCL) was established by the 
USEPA in 1995.  The MCL varies between countries, for example, it is 0.001 
mg/L in Australia and in Europe (Acero, 2000) and 0.003 mg/L in USA. The State 
of California has recently taken the lead in the US on atrazine and reduced its 
MCL to 0.001 mg/L, effective June 2003 (www.watertrax.com). Although atrazine 
is used in some European countries such as the UK, it is banned in other 
countries like France, Germany and Italy (Texas Cooperative Extension (TCE), 
2002).  
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Table 1-1: Guidelines for drinking water quality as defined by the World Health 
Organisation (WHO) for pesticides (extracted from www.who.int, 2003).    
Pesticides  Guideline value (µg/litre) 
alachlor 20 
aldicarb 10 
aldrin/dieldrin 0.03 
atrazine 2 
cyanazine 0.6 
DDT 2 
metolachlor 10 
molinate 6 
simazine 2 
trifluralin 20 
 
 
 
1.2.1 Effects of Atrazine on Humans and Animals 
 
Studies indicate that orally administered atrazine is well absorbed in the 
gastrointestinal tract so that the majority is metabolized in the body and rapidly 
eliminated in the urine (IARC, 1991). Other studies showed that dermally applied 
doses of atrazine undergo only limited absorption through the skin (IARC, 1991; 
NRA, 1997; IARC, 1999).   
 
In the event that people are exposed (orally by ingestion or drinking) to atrazine 
at the MCL for a relatively short period, they may suffer some health problems 
such as congestion of heart, lungs and kidneys, low blood pressure, muscle 
spasms, weight loss or damage to adrenal glands (www.waterqualityreports.org). 
A recent study carried out by the biologist Hayes (2002) of the University of 
California involved exposing frogs to varying concentrations of atrazine. It 
showed the testosterone levels of male frogs dropped below those found in 
female frogs. According to the study, the sexual development was affected at a 
level of 1.0 ∗ 10-4mg/L of atrazine, meanwhile the USEPA allows up to 0.003 
mg/L in tap water. The study raises fears that the use of atrazine might be a 
factor in the decline of amphibians over the past 30 years (TCE, 2002). 
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1.3  PROCESSES FOR THE REMOVAL OF ATRAZINE 
 
The presence of pesticides at levels higher than MCL in water supplies 
necessitates the treatment of polluted water by water distribution companies 
(Hopman et al., 1998). Different processes have been used for the removal of 
atrazine such as adsorption by activated carbon, oxidation using ozone or UV-
irradiation with or without membrane filtration (Kruithof et al., 1993). Although 
these methods have been proven effective, they are relatively costly. 
Furthermore, oxidation processes such as ozonation may produce by-products 
which can be more harmful than the parent compound itself. The treatment 
methods mainly in use are adsorption and oxidation. In the following section, the 
most commonly used treatment processes are reviewed.   
 
   
1.3.1 Adsorption by Activated Carbon  
 
Granular activated carbon (GAC) has been used to remove atrazine from 
groundwater and surface water. It has shown to be effective for the removal of 
natural concentrations of pesticides when incorporated in the drinking water 
treatment system (Foster et al., 1992). The presence of natural organic matters 
(NOM) and other humic acids in water has significant adverse affect on the 
service life of GAC column. Gullon and Font (2000) reported that the commercial 
GAC adsorption capacity for atrazine after it was saturated with NOM dropped to 
nil. NOM presence in water interferes with the adsorption of other micro 
pollutants (e.g. atrazine), which adversely affect the effectiveness of GAC (smith 
and Weber, 1985; Gullon and Font, 2000).  This interference has been found to 
slow adsorption kinetics and reduce the carbon lifetime (Baladauf, 1986; 
Bernazau et al., 1994). Hopman et al., (1998) found that the presence of NOM 
decreased the life time of GAC column up to 10 times depending on NOM 
concentrations and had a negative impact on the adsorption capacity of tested 
granular activated carbon for selected pesticides including atrazine.  These 
adverse effects were attributed to competition of NOM molecules with pesticides 
for adsorption sites, pore blockage and the fouling effect of NOM (i.e. preloading 
of deeper layers of AC column).   
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Zhang and Emary (1999) measured atrazine removal for varying PAC dosages. It 
was found that atrazine removal was proportional to PAC dosage, where 73% 
and 34% removal were obtained using 16 and 8 mg/L, respectively. 
 
Activated carbon fibre (ACF) has higher adsorption capacity for atrazine and 
other pesticides than GAC (Gullon and Font, 2000). However it is an expensive 
material due to special activation requirements. The presence of NOM 
considerably affected the efficiency of the ACF, decreasing its adsorption 
capacity for atrazine by 65% (Gullon and Font, 2000).  
 
In summary, AC is an effective method for the removal of pesticides in general 
and atrazine in particular. However AC is an expensive process particularly in 
cause of presence other background compounds in water such as NOM, 
reducing the life time of AC beds. In addition, disposal of exhausted AC and the 
need for pre-treatment add to the cost ineffectiveness of AC as an alternative 
treatment.   
 
 
1.3.2 Oxidation 
 
The oxidation of atrazine or any other pesticide breaks down the organic 
molecule into smaller compounds, or completely mineralises them to CO2 and 
H2O. The most common oxidation processes comprise ozone (O3), hydrogen 
peroxide (H2O2) and ultraviolet (UV) photooxidation. The efficiency of these 
processes increases when used in combinations, such as UV/H2O2, UV/ O3, 
H2O2/ O3 or H2O2/ O3/UV (Glaze et al, 1987; Beltran et al, 1992, 1993; Prado et 
al, 1994, 1995; Sang Lee, 1998; Parra et al, 2000 and Munter, 2001). These 
combinations are referred to as advanced oxidation processes (AOP). The AOP 
are distinguished in themes of the generation of reactive OH● radicals. 
 
The formation of the reactive OH● radicals through AOP is described as follows: 
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1. UV/O3 
In this process, ozone absorbs UV light and decomposes rapidly in water forming 
hydrogen peroxide (H2O2), which photolyses forming reactive hydroxyl radicals 
(Zwiener et al., 1993; Beltran et al., 1994, Prado and Esplugas, 1998, Munter, 
2001). 
 
22223 OHOOHO
h +→+ ν                                                                          (1-1) 
 
      •
→+ OHhOH 222 ν                                                                                (1-2) 
 
 2.    UV/H2O2 
The UV irradiation breaks down H2O2 to form OH● radicals as shown below, 
(Beltran et al., 1994; Prado and Esplugas, 1998 and Munter, 2001):  
 
 •
→+ OHhOH 222 ν                                                                                 (1-3) 
 
In addition, OH● radicals are also formed through direct reaction between O3 and 
the ionization of H2O2 which is considered a non-photochemical method (Munter, 
2001). The following reactions show the mechanism for producing OH●  radicals 
by both processes is similar.  
 
−+ +→ 222 HOHOH                                                                                  (1-4) 
 
••− +→+ 3232 OHOOHO                                                                            (1-5) 
 

 +→+ •+•                                                                                              (1-6) 
 
Many studies have been carried out to evaluate the efficiency and the 
effectiveness of oxidation processes. At pHs found in natural waters, UV/H2O2 
shows the best results for atrazine removal from water, but with only small 
differences from treatment with UV/H2O2/O3. Both methods use UV irradiation, 
and in consequence are only suitable for non-coloured waters because the 
presence of compounds that absorb UV radiation reduces the efficiency of these 
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treatments (Prado and Esplugas, 1998). Similar findings were obtained by 
Beltran et al., (1993), they reported that the oxidation rate of atrazine was greatly 
increased for the UV/H2O2 treatment compared to direct photolysis of atrazine. 
 
Atrazine degradation using O3 and H2O2/O3 was suitable for coloured waters and 
O3 showed good removal rates at high pH (Prado and Esplugas, 1998). In other 
studies Zwiener et al. (1993) and Beltran et al. (1994) reported that atrazine 
removal by UV/O3 is improved compared with using UV and O3 separately. 
These processes will be discussed briefly in this chapter.  
 
Atrazine removal rates at high pH are more significant mainly due to radical 
reaction involving O3 and/or H2O2 rather than direct photolysis by UV (at 254 
nm); the radical reaction is mainly caused by the formation of OH● radicals. The 
OH● radicals are a non-selective oxidant that react with most organic molecules at 
a diffusion-controlled rate constant of k=109 L/mol.s (Zwiener et al., 1993; Munter, 
2001). 
 
The main reactions of the oxidation by OH● radical as described by Zwiener et al. 
(1993) and Munter (2001) are hydrogen atom abstraction (eq 1-7) and addition of 
OH● radicals to unsaturated compounds or an aromatic nucleus (eq 1-8). In the 
presence of dioxygen the organic radicals formed (eqs 1-7 and 1-8) became OH● 
radicals (eq 1-9), which undergo further decomposition to give products with 
C=O, HC=O and OH● functional groups. OH●  repeatedly attack these products 
leading to the gradual mineralization of the compound. The majority of the 
solutes present in water compete for the OH● radicals leading to fewer OH● 
radicals being available for reaction with organic molecules (e.g. pesticides in this 
study), these solutes are referred to as OH● radical scavengers (Zwiener et al., 
1993; Munter, 2001). The exact routes of these reactions are still not clear, 
 
     OHROHRH 2+→+
••                                                                           (1-7) 
 
     ''''')()(''''''' RRCOHCRROHRCRCRR ⋅−→+= •                                   (1-8) 
 
     ••
→+ 22 ROOR                                                                                       (1-9) 
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     ••
→+ 43 HOOHO                                                                                  (1-10)  
 
     224 OHOHO +→
••                                                                                   (1-11) 
 
The presence of humic substances and natural organic matter (NOM) reduces 
the photolysis rate of atrazine because it absorbs the radiation (Beltran et al., 
1993).  
 
NOM, bicarbonate and carbonate ions play a dominant role as OH● radical 
scavengers (Zwiener et al., 1993). For example bicarbonate ions at low 
concentrations of several milli-mole/L react with OH● radicals at a high rate and 
give the carbonate radical anion CO3
- as shown by the following equations 
(Zwiener et. al, 1993; Beltran et al, 1994; Beltran et al, 1995): 
 
OHCOOHHCO 233 +→
−•−
•
                                                                   (1-12) 
 
−−•− +→+ • OHCOOHCO 3
2
3
                                                                (1-13) 
 
•• +→+
−−
23
223
HOHCOOHCO                                                              (1-14) 
 
 
1.3.2.1 Atrazine Removal by Ozonation  
 
Ozone has a solubility 10-20 times greater than that of pure oxygen over the 
temperature range 20-30°C.  Its half-life time is 165 minutes in distilled water at 
20°C. Ozone reacts with many organic compounds. The reaction of ozone with 
organic compounds in aqueous solution is complex, but is likely to occur through 
two reactions (Prado and Esplugas, 1998). The first is the reaction of O3 directly 
with the organic compound (e.g. pesticides) and the second is the reaction of the 
O3 radical with the organic compound. The second reaction is faster than the 
first, is non-selective and is affected considerably by the pH of the water (Prado 
and Esplugas, 1998).   
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Prado and Esplugas (1998) found that the decay of O3 in water is a function of 
pH, where OH● radicals generated through O3 increased at pH>8 leading to 
faster degradation of atrazine. A similar finding was reported by Munter (2001); 
he reported that at a pH of 10 the half-life of O3 in water can be less than 1 
minute. This leads to the formation of large amount of OH● radicals within a short 
period and consequently to a fast degradation of atrazine. Prado and Esplugas 
(1998) reported that total atrazine removal from water was obtained at pH 11.5 
by direct ozonation within 60 minutes. This is compared to less than 70% and 
40% of atrazine removal achieved at natural pH and pH at 4.7 respectively.  In 
addition, ozone oxidation efficiency is strongly affected by the presence of 
bicarbonate ions and organic acids, which consume the free ozone active radical. 
The decrease of pH or the presence of bicarbonate ion leads to higher 
concentrations of dissolved ozone. It was reported by Munter (2001) that 
bicarbonate and carbonate play an important role as scavengers of OH● radicals 
in natural water. In a study by Verstraeten et al. (1999) water samples containing 
atrazine were collected from different sites. Ozonation of the samples with 
retention time of 32 minutes reduced atrazine concentration by 46%. It was 
suggested that the process could be improved by the removal of atrazine by-
products formed during the ozonation process by an adsorbent such as activated 
carbon  
 
The formation of atrazine by-products in water treated by ozonation is the main 
drawback of this process (Figure 1-3). Acero et al. (2000) observed that in the 
first few minutes of the ozonation processes ozone mainly attacks atrazine, and 
the reaction with the degradation by-products only occurs when atrazine is 
partially degraded (Figure 1-2).  
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Figure 1-2: Evolution of the concentration of atrazine and its 
degradation products during ozonation. Lower curves stand for 
Deethylatrazine (DEA), DIA-imine, and Desisopropylatrazine 
amid (CDAT) and Desisopropylatrazine (DIA) (from the lowest 
to the highest curve). Conditions at pH=7, T=20◦C, initial 
O3=10mg/L. (Acero et al., 2000) 
 
Improvement of atrazine removal by O3 was achieved using O3/UV, O3/H2O2 or 
O3/UV/H2O2 as described below. 
 
O3 itself is relatively non-reactive toward atrazine. It is thought that radicals 
produced during O3 decomposition are primarily responsible for oxidation of 
atrazine. Therefore, atrazine oxidation could be increased by promoting the 
formation of OH● radicals. This can be done by adding H2O2 (eqs 1-4 to 1-6), 
which catalyses the decomposition of O3 (Legube et al., 1987; Prado and 
Esplugas, 1998) and initiates the decomposition cycle of O3, resulting in the 
formation of OH● radicals. 
 
Acero et al. (2000) found that the removal of atrazine from River Seine water at 
11◦C and pH greater than 7 by O3/H2O2 was 10 times faster compared to that 
using O3 only. About 60% of atrazine was removed from the water after 2 
minutes of the treatment by O3/H2O2 compared with 20 minutes by ozonation 
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only. The formation of more OH● radicals in the presence of H2O2 was suggested 
to be the main reason responsible for the increase of atrazine degradation.  
 
Both O3 and O3/H2O2 lead to the formation of by-products at a rate proportional to 
the degradation rate of atrazine. Prado and Esplugas (1998) showed that the 
presence of hydrogen peroxide at high concentration has little effect on the 
oxidation of atrazine by O3. The authors attributed this to the high dose of H2O2 
leading to competitive reactions that consume ozone. They suggested that the 
best practice would be to add ozone and hydrogen peroxide together at the same 
time. They found total atrazine (15 mg/L) removal by O3/H2O2 was achieved in 40 
minutes compared with more than 120 minutes by O3. It was observed that pH 
has a significant impact on atrazine removal by O3/H2O2. For example, at low pH 
only 50% of atrazine was removed after 40 minutes compared with complete 
removal at neutral or high pH (Prado and Esplugas, 1998). 
 
The combination of O3 and UV irradiation (O3/UV) is considered one of the most 
effective processes to degrade atrazine in water (Peyton and Glaze, 1988; 
Zwiener et al., 1993; Beltran et al., 1994; Prado et al., 1998). The degradation is 
mainly via the formation of H2O2 and subsequent photolysis. Many studies have 
been conducted to evaluate the efficiency of atrazine removal by O3/UV. Prado 
and Esplugas (1998) and Munter (2001) reported that UV irradiation accelerates 
the decomposition of O3 in water which leads to the generation of OH● radical 
reactions through the formation of H2O2 as presented by equations 1-1 and 1-2. 
The pH was identified as one of the most important factors that affect the 
degradation of atrazine. It was observed that for alkaline and neutral conditions 
the degradation of atrazine was twice as fast compared with acidic conditions. 
Atrazine removal by O3/UV was 3 times and 5 times faster in neutral and acidic 
conditions, respectively, compared with O3 treatment alone. However atrazine 
removal rates for O3/UV and O3 were very similar in alkaline conditions, therefore 
under these conditions there is no need to use UV irradiation to generate OH● 
radicals.  
 
A study by Beltran et al. (1994) assessed the removal of atrazine by different 
oxidation processes such as direct UV irradiation, UV/O3, UV/H2O2 and O3 all at 
pH 7. It was noticed that atrazine removal by O3/UV was the most effective 
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process as atrazine was totally removed from water in less than 10 minutes 
whereas it was still detected after more than 15 minutes using the other oxidation 
methods. Further studies by Beltran et al. (1994, 1995) and Acero et al. (2000) 
confirmed that OH● radicals play a major role in the degradation of atrazine. 
 
Prado and Esplugas (1998) conducted a study to assess atrazine removal using 
O3/UV/H2O2 and to evaluate the competition reactions. The results demonstrated 
that the reaction rate of atrazine decomposition was not increased by the 
combination of the three processes compared with using O3/UV or O3/H2O2. They 
reported that pH has an important effect on atrazine degradation by UV/H2O2/O3; 
it was more than 4 times slower in alkaline conditions. 
 
Atrazine removal from water by ozonation may range between 35 to 60% 
depending on O3 dose and water characteristics (Verstraeten et al., 1999), and is 
usually associated with a high concentration of by-products. The primary atrazine 
ozonation by-products are usually high concentrations of desisopropylatrazine 
(DIA) and deethylatrazine (DEA) as well as hydroxyatrazine and other unknown 
by-products (Verstraeten et al., 1999; Adams and Randtke, 1992) as shown in 
Figure 1-3. Although the EPA does not currently regulate atrazine ozonation by-
products, these compounds must be regulated in the future. The implications of 
by-product formation for water utilities treating atrazine-bearing waters are 
potentially significant (Adams and Randtke, 1992; TCE, 2002). 
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Figure 1-3: Atrazine ozonation by-products. (Adams and Randtke, 1992) 
 
It can be concluded that O3 is not an effective oxidation method to degrade 
atrazine in water unless it is combined with other oxidation processes such as 
UV or H2O2 which will probably increase the cost of treatment. However atrazine 
removal by AOP involving O3 such as the combinations UV/O3, O3/H2O2 or 
UV/O3/H2O2 produce high concentrations of harmful by-products. In addition, it is 
very important to consider pH values when using O3 processes as it has different 
impacts on atrazine removal. 
 
 
1.3.2.2 Atrazine Removal by UV Irradiation 
 
UV irradiation is used for water treatment to break down organic compounds. 
Many studies have investigated whether UV radiation may generate mutagenic 
substances from the photolytic decomposition of organic compounds 
(Guittonneau 1989; Quoted by Beltran et al. 1994; Munter, 2001). The 
photodegradation of atrazine is complex due to the formation of degradation by-
products and the many reactions that take place. A simple mechanism has been 
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proposed to explain the direct photolysis of atrazine by Beltran et al. (1994) and 
Prado and Esplugas (1998): 
 
∗
→ ATRATR hv                     re = µq                                                       (1-15) 
 
ATRATR →∗                      r1 = k1 C
*
ATR                                              (1-16) 
 
PRODUCTSATR →∗         r2 = k2 C
*
ATR                                                (1-17)   
 
Where ATR represent an atrazine molecule, k1 includes the constants of the 
molecular deactivation process, k2 includes the primary photodegradation 
process. C*ATR is the concentration of activated atrazine, ATR*, µ is the 
absorbance of atrazine solution and q is the modulus of the radiant energy 
density flux vector (einstein.m2.s-1). Atrazine has high molar absorptivity in the 
UV region (Von Sonntag et al., 1993). In direct photolysis of atrazine at 254 nm, 
low concentrations of H2O2 are formed. The photolysis of the hydrogen peroxide 
does not compete with atrazine because the primary quantum yield of H2O2 at 
254 nm is very high, Φ
22OH  
= 0.5 mol/photon (Baxendale and Wilson, 1957). It 
is thought that H2O2 formed could undergo some photolysis. If this is the case, 
hydroxyl radicals would form and oxidation of atrazine would be due to both 
direct photolysis and OH● radical reactions. Many studies have been conducted 
to evaluate atrazine removal by direct UV irradiation in water under different 
conditions of pH, the presence of background organic matter such as NOM, 
bicarbonates and other humic acids in water.  
 
Direct photolysis of atrazine at 254 nm showed little influence of pH (Prado and 
Esplugas, 1998). The degradation of atrazine was found to increase slightly as 
the pH increased, total atrazine removal of 15 mg/L was achieved after 50 
minutes of UVC irradiation. In another study, UVC radiation was applied for 
different initial concentrations of atrazine. It was concluded that atrazine 
degradation increased with decreasing initial atrazine concentration (Beltran et 
al, 1993). Total removal was achieved in 13 minutes for an atrazine 
concentration of 0.05 mg/L, whereas it took more than 20 and 30 minutes to 
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achieve total removal of atrazine at 2 mg/L and 5 mg/L, respectively, by UVC 
irradiation.  
 
In another study by Solarska et al. (2002), atrazine samples were treated by two 
different wavelengths, 254 nm and 254+185 nm, both in the presence and 
absence of NOM. Atrazine removal from NOM-free water was higher using 
254+185 nm irradiation compared to that using 254 nm only. Removal from 
NOM-rich water was slower for both 254 nm and 254/185 nm irradiation. This 
was attributed to the attenuation effect of NOM molecules on atrazine 
absorbance of UV radiation.  
 
The likely mechanism of photooxidative breakdown of atrazine by UV radiation is 
that the UV light leads to the breakage of the carbon-chloride bond and rapid 
hydroxyl group substitution in polar solvents or systems rich in oxygen (Bunce 
and Ravana, 1977; Quoted by Beltran et al., 1994). This was confirmed when at 
the end of some experiments the measured concentration of the chloride ion was 
nearly 100% of the chlorine concentration initially present in the atrazine 
molecule. A similar finding was obtained for the UV/H2O2 oxidation of atrazine 
(Beltran et al., 1993) suggesting the same photooxidation mechanism.  
 
Pelizzetti et al. (1990) and Gawlik et al. (1999) have proposed photo-degradation 
pathways for atrazine. As can be seen in Figure 1-4, pathway (a), represents 
approximately 70% of atrazine degradation whereas the remaining 30% may be 
attributed to pathway (b). The presence of compound I (4,6-diamino-2chloro-
1,3,5-s-triazine) as intermediate during the photo-degradation has also been 
reported by Pelizzetti et al. (1990). Furthermore, when organically bound chlorine 
mineralization was complete, the percentage of oxidisable organic carbon 
remaining at steady state conditions corresponded to the stoichiometric formation 
of II (2,4,6-trihydroxy-1,3,5-s-triazine).  
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Figure 1-4: Reaction scheme for the photodegradation of atrazine 
(Gawlik et al., 1999) 
 
pH has insignificant effect on the degradation rate of atrazine using UV 
irradiation. pH plays a major role in atrazine degradation in the presence of an 
oxidant. 
Hirahara et al. (2001) conducted a study to evaluate the efficiency of UVA, UVB 
and UVC radiation for the removal of some pesticides. They reported that the 
effectiveness of UV radiation for the photooxidation of pesticides varies. For 
example, UVC irradiation of disulfoton at an initial concentration of 5 mg/L led to 
complete degradation within an hour which was 5 times faster than that achieved 
using UVB or UVA irradiation (Figure 1-5). UVC and UVB removed fenthion in 
less than one hour, but it took over 8 hours for UVA irradiation Figure 1-5. The 
authors attributed the results to the high absorbance of the pesticides for UVC 
compared with UVB and UVA. This is in agreement with the thus-Drapper Law, 
which states that photolysis, is generally triggered by the absorption of light by 
the chemical compound.   
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Figure 1-5: Photodegradation of fenthion and disulfoton and formation of 
by-products due to UVA, UVB and UVC radiation. 
(Hirahara et al., 2001)    
 
There are many factors that affect atrazine photooxidation in water. It has been 
found that the presence of carbonate ions did not affect the photo-oxidation of 
atrazine according to Beltran et al., (1993). However, it was affected by 
increasing humic acid concentrations due to the competition of these substances 
(atrazine and humic acid) for the UV radiation. The research team also found that 
the oxidation rate of atrazine increased at high pH (> 7).  
 
Atrazine degradation in the presence of NOM-rich water by UVC resulted in 
decrease in absorbance at 254 nm. The authors explained this to be due to the 
fact that NOM contains a large number of chromophores which can absorb the 
UV light (Solarska et al., 2002). Although many studies (Beltran et al., 1993; 
Munter 2000; Solarska et al., 2002) showed that humic substances present in 
natural waters are possible competitors for the incident light, however, at visible 
or near UV wavelength 310-450 nm (UVA), it has been reported that humic 
substances act as photosensitiser increasing the photolysis rate of some 
pollutants (Faust and Hoigne, 1987). It was concluded that the presence of NOM 
molecules play an important role in atrazine degradation using UV radiation. 
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Therefore, the authors emphasised that it is essential to know the origin of 
background matter, its structure and why it interferes with UV irradiation 
processes and how to minimize and control this interference. 
 
Buffle (1988) defined NOM as the organic matter in a reservoir or natural 
ecosystem other than living organisms and organic compounds synthesized 
and/or manufactured by human kind. The nature of NOM depends mainly on the 
source of the organic material, its decomposition, and the environment. For 
example, the climate can affect the type pf vegetation, microbiological activities 
and transportation of organic matter from one environment to another (Wilson, 
1988). NOM can be described as a complex, heterogeneous mixture of 
compounds that can have molecular weights greater than 10,000 Dalton 
(Parkinson, 2001). The exact molecular structure of NOM is unknown, however 
several model molecular structures were proposed. For sometime NOM structure 
was considered NOM to be composed of long chain, randomly coiled and slightly 
cross-linked macro-molecules (Ghosh and Schnitzer, 1980; Parkinson et, 2001). 
In 1993 Wershaw proposed a model that defined NOM to be composed of 
aggregation of micelle-like or monomeric units.  
 
Photooxidation of NOM can lead to its mineralisation to CO2 (Mopper et al., 
1991). . Recently many researchers showed that the photolysis of NOM and 
humic acid compounds result in a decreased in their average molecular size 
(Strome and Miller, 1978; Kopplin et al., 1998) In addition to the adverse effects 
of the presence of NOM on UV processes, NOM contributes to the formation of 
chlorination disinfection by-products and interferes with most drinking water 
treatment processes (e.g. activated carbon). Parkinson et al., (2003) investigated 
the effectiveness of UVA, UVB and UVC radiation for the removal of NOM from 
drinking water as an alternative process to reduce these problems. The authors 
found that NOM breakdown using UVC irradiation was higher than using UVB 
and UVA irradiation due to higher absorbance by NOM molecule for UVC 
irradiation. 
 
Parkinson, (2001) evaluated the effect of UV radiation on the physical and 
chemical properties of NOM from different sources. UV irradiated NOM samples 
were monitored for absorbance at wavelengths in the range of 190 to 500 nm. All 
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NOM samples that were UVA, UVB and UVC photooxidized were monitored for 
absorbance at 254 nm. The results showed that after 70 hours of photooxidation 
absorbance at 254 nm decreased by 20% and 50% using UVA, UVB radiation 
respectively; while 100% removal was obtained using UVC radiation, in just over 
half the time (40 hours). It can be concluded that NOM absorbs UV-radiation of 
different wavelengths with different rates. These results indicate that the 
presence of NOM molecules have the potential to interfere with UV radiation of 
target pollutants.  Therefore, this suggests that NOM will possibly affect atrazine 
removal by UVA, UVB and UVC radiation. As discussed before, the aim of this 
study is to assess the extent of this interference and potential impact on atrazine 
degradation.  
 
 
1.3.3 Photocatalytic Breakdown of Atrazine  
 
The treatment of water-borne pollutants by semiconductor photocatalysis is a fast 
growing area. Titanium dioxide is frequently used as a photocatalyst because it is 
safe (non-toxic), chemically stable, and possesses relatively high photocatalyst 
activity (www.ntu.edu.sg). It has both absorption and scattering functions for UV 
radiation. In addition, it is a wide spectrum UV screening material with strong 
screening in the UVB and UVA range. It has been used both in powder form and 
as a coated surface; the size of the TiO2 particles (very small) is an important 
factor as it usually defines the surface area in the system available for adsorption 
and decomposition of the organic pollutants (Figure 1-6).     
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Figure 1-6: Transmission electron microscopy 
(TEM) image of titanium dioxide 
particles, (www.ntu.edu.sg).   
 
Laboratory studies have demonstrated that UV/TiO2 can readily mineralize 
organic compounds such as alcohol into carbon dioxide, water, and simple 
mineral acids using molecular oxygen as the primary oxidant (Hequet et al., 
1993; Parra et al., 1999). Munter (2001) suggested that a (UV/TiO2) system 
possesses an extremely positive oxidation potential and should thus be able to 
oxidize almost all chemicals. 
 
Under illumination, the TiO2 photocatalyst absorbs photons with energy equal or 
higher than its band gap energy (λ<385nm) (Parra et al. 2000; Munter 2001; 
www.ntu.edu.sg). This will delocalize a valence electron causing strong reaction 
to the semiconductor (TiO2). Once photo-excited charge carriers are absorbed by 
chemical species, they can initiate the degradation of these species by one or 
more forms of electron transfer reactions. However, alternatively they can 
recombine radiatively or non-radiatively and dissipate the input energy as heat 
(www.ntu.edu.sg; Munter, 2001). The mechanism of TiO2 photocatalysis involves 
reactions that occur simultaneously and are represented schematically in Figure 
1-10 (Parra et al., 1999; Munter, 2001).   
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The generation and separation of e-CB and h+VB (eq. 1-18); electron transfer from 
adsorbed (ad) substrate RX (which is represented by D and D● in Figure (1-7) as 
represented in (eq. 1-19); electron transfer from adsorbed (ad) solvent molecules 
(H2O and OH●) (eq. 1-20 and 1-21); electron transfer reaction from the 
conduction band of the photocatalyst to the oxygen (eq. 1-22).      
 
Irradiation of an aqueous TiO2 solution leads to the formation of the electron-hole 
pair (e-CB, h+VB). An electron transfers from the valence band (VB) to the 
conduction band (CB). At the solid-liquid interface, the reactions that may occur 
comprise reduction between e-CB and oxygen or oxidation between h+VB, bound 
hydroxyl and aromatic compounds (Tanaka and Ichikawa, 1993; Parra et al., 
1999; Munter, 2001). Since the OH● radicals are strongly oxidizing, most of the 
organic compounds are oxidized.  
 
)(22
+− +→+ heTiOhvTiO                                                                    (1-18) 
 
  
+•+ +→+
ad2ad2
RXTiORX)(hTiO                                                         (1-19) 
         
+•+ ++→+ HOHTiOOHhTiO adad 222 )(                                                  (1-20) 
 
••+ +→+ adad OHTiOOHhTiO 22 )(                                                          (1-21) 
 
−•− +→+ 2222 )( OTiOOeTiO                                                                          (1-22) 
 
Hequet et al. (1993) proposed that the irradiation of TiO2 causes the formation of 
highly active OH● radicals. Similarly, Lawless et al. (1991) reported that the OH● 
radical is a strong oxidizing agent and the redox potential of the species 
produced from the reaction of OH● radicals with TiO2 is estimated at ca. 1.5 V.  
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Figure 1-7: Schematic representation of the mechanism of 
TiO2 photocatalysis. (www.ntu.edu.sg) 
 
The efficiency of photocatalysis by TiO2 may depends on parameters such as 
pH, oxidant dose, COD, suspended materials, concentrations of trapped OH● 
radicals and also nitrate and nitrite formation (Beltran et al., 1994; Watts et al., 
1994; Munter, 2001). Atrazine photolysis in the presence of TiO2 has been 
investigated by many researchers. Pelizzetti et al. (1990) investigated the 
removal of atrazine using TiO2 as a photocatalyst under simulated solar light 
(wavelength >340 nm). Two different concentrations of titanium dioxide were 
used to photocatalyse 0.002 mg/L atrazine solutions. When TiO2 was used at 
concentration of 0.1 g/L, atrazine was totally removed in 20 minutes, whereas 
total removal was obtained after just 10 minutes when TiO2 concentration was 
increased to 2.0 g/L. It was observed that increased TiO2 concentration led to 
proportionately greater atrazine removal. Photolysis and OH● oxidation 
contributed to the breakdown of atrazine, which make it an efficient method for 
atrazine removal. In a similar study by Hequet et al. (1993) the removal of 
atrazine by UVB irradiation in the presence of TiO2 was investigated. Atrazine 
was totally removed after 20 minutes of irradiation. The effect of TiO2 dose, pH 
and the presence of NOM was evaluated. Atrazine removal efficiency increased 
by 5% when the pH was increased from 6 to 8. 
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1.3.4 Nitrite Formation during the Photooxidation of Atrazine 
 
Oxidation processes of organic compounds that contain nitrogen may lead to the 
formation of nitrate ions ( −
3
NO ), which in the presence of UV irradiation can lead 
to the formation of nitrite ions ( −
2
NO ) (Beltran et al., 1993).  
 
−
→+− 32 NOONOrg                                                                             (1-23) 
 
The production of nitrite from nitrate by UV irradiation can be shown as in Eqs 1-
24 and 1-25 (Von Sonntage et al., 1993). 
 
•−− +→+ • ONOUVNO 23                                                                        (1-24)  
                                                              
−•−• +→+ OHOHOHO 2                                                                      (1-25) 
 
As atrazine (C8 H14 Cl N5) is nitrogen-rich, the formation of nitrite after atrazine 
photooxidation is possible. Nitrite formation during the photooxidation of atrazine 
was reported by Beltran et al. (1993). In the direct photolysis of atrazine the 
percentage of nitrogen in solution varied between 6 and 19% of that initially 
present in the atrazine molecule, depending on the experiment conditions 
(Beltran et al., 1993).  Nitrite formation occurs at a much faster rate by irradiation 
of natural water at 254+185 nm than by 254 nm alone, but maximum 
concentrations reached were similar (Solarska et al., 2002). For UV irradiation of 
atrazine at 254+185 nm in NOM-rich water, nitrite was detected at quantities far 
in excess of those found from background NOM alone (Solarska et al., 2002).  
 
Nitrite causes harm to humans health and aquatic life, and is considered toxic in 
drinking water when its concentration exceeds 1.0 mg/L (WHO, 2002). It has 
short-term and long-term effects. A short term effect is that nitrite can interfere 
with the oxygen carrying capacity of the children’s blood. This can be an acute 
condition in which health deteriorates rapidly over a period of days. Symptoms 
include shortness of breath and blueness of the skin. Long-term effects (e.g. life 
time exposure) of levels above the MCL include diuresis, increased starchy 
deposits and haemorrhaging of the spleen, (www.epa.gov). The Australian MCL 
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for nitrite in drinking water is 3.0 mg/L (Australian National Environment 
Protection Council, 1999).  
 
 
1.3.5  Photooxidation By-Products of Atrazine 
 
Atrazine is partially degraded to relatively stable products such as 
deethylatrazine (DEA) and deisopropylatrazine (DIA) not only in soil but also in 
water treatment processes (Thurman et al., 1991; Adam and Raudtke, 1992; 
Beltran et al., 1995). Advanced oxidation processes lead to atrazine degradation 
into intermediates with similar molecular structure. DEA and DIA are likely to be 
the first two intermediates to appear from atrazine oxidation by ozone, H2O2 or 
both (Legube et al., 1978). It was reported by Kolpin and Kolkof (1993) that 
atrazine could be degraded biologically in natural water to DEA and DIA, the 
molecular structures of these by-products suggest that they are likely to be as 
toxic as atrazine. Torrents et al., (1997) reported that atrazine converted by direct 
photolysis to hydroxy-atrazine and OH●  radical is responsible of the generation of 
DIA and DEA (the authors used the terms OIAT and OEAT to describe the by-
products  DIA and DEA, respectively) as shown in Figure 1-8.  
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Figure 1-8: Pathway for degradation of atrazine by direct 
photolysis (290 nm) leading to hydroxyl-
atrazine then to OIAT (DEA) and OEAT (DIA) 
(Torrents et al., 1997) 
 
Hequet et al. (1993) proposed an atrazine degradation pathway by UV/TiO2, they 
reported that different concentrations of atrazine by-products were obtained. DIA 
was the major product followed by DEA and desethyldesisopropylatrazine (DAA). 
Hydroxydesethylatrazine (OHDEA) was observed in a large amount, on the 
contrary, hydroxydesisopropylatrazine (OHDIA was observed in a lower 
proportion. Hydroxyatrazine (OHA) was detected in low proportion as is shown in 
Figure 1-9. This degradation pathway, followed a similar but in less detail, 
atrazine breakdown pathway suggested by Pelizzetti et al. (1990) as shown in 
Figure 1-10.      
 
The toxic by-products of atrazine and other herbicides are currently not regulated 
in the United States. The European Community (EC) has a limit on “pesticides 
and related products” of 0.1 µg/L for a single pesticide and 0.5 µg/L collectively 
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(Carney, 1991). Atrazine by-products of DEA, DIA, DACT and HA are currently 
on the Contaminant Candidate List (CCL) published by the USEPA in 1996 and 
are being reviewed. There is no guideline for atrazine by-products in drinking 
water in Australia (Sharpley, 2004; AWA organisation, 2004).  
  
 
Figure 1-9: Pathway for degradation of atrazine by UV/TiO2 
(Hequet et al., 1993)   
 
 
1.3.5.1 Atrazine By-Products Removal 
 
As the major degradation products have molecular structures that resemble 
atrazine (Figure 1-10), most of the processes used for the degradation of 
atrazine should be suitable for the removal of its by-products from water. The 
removal of both DIA and DEA involved degradation into simpler compounds.  
Beltran et al. (1995) conducted a study to evaluate the effect of UV irradiation at 
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254 nm and UV/H2O2 on DEA and DIA. They found that the application of UV 
radiation in the presence of H2O2 (0.0001M) led to 40% increase in the removal 
of DEA compared to that for direct photolysis. Similar results were obtained 
during the treatment of DIA suggesting that OH● radicals were responsible for the 
faster removal. The presence of bicarbonate ion adversely affected DEA and DIA 
removal by UV/H2O2 while no recognisable impact on their removal by direct 
photolysis was observed (Beltran et al., 1995).  For example, the presence of 
bicarbonate ion at 0.001M reduced DIA and DEA breakdown by more than 50%. 
It was suggested that the bicarbonate ions can inhibit the oxidation of the 
atrazine by-products produced during UV photo-oxidation and compete with 
atrazine to consume the hydroxyl radicals. 
 
 
Figure 1-10: Atrazine (4) degraded to DEA (5) and DIA (6) and then 
to DAA (7), (Pelizzetti et al., 1990). 
 
Photodegradation is one of the most important mechanisms involved in the 
decomposition of pesticides in the environment (Cosby et al., 1972; Hirahara et 
al., 2000). Most studies that looked into the potential of photolysis for water 
treatment used natural sunlight, so it is unclear which wavelengths actually 
contribute to the photolytic reaction. However, UVB and UVA are primarily 
responsible for the photodegradation of pesticides in the environment (Hirahara 
et al., 2001).     
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To the knowledge of the author, there is no study that compared the relative 
effectiveness of UVA, UVB and UVC for atrazine degradation. In this study, the 
removal of atrazine using UVA, UVB and UVC radiation, at different initial 
concentrations, will be evaluated. Furthermore, the extent and potential impact of 
the presence of NOM on atrazine removal by UVA, UVB and UVC radiation will 
be assessed.  
 
In summary, UV light is capable of causing a photolysis of some pesticides 
(fenthion and disulfoton), (Hirahara et al. 2001). Also the presence of NOM at 
different initial concentrations on the photooxidation process will be determined. 
In addition, this study assesses the effect of the photocatalyst TiO2 on the 
removal of atrazine both in the presence and absence of NOM.   
 
In summary, it can be concluded that atrazine is a widely used herbicide which 
can be cumulated for years in the environment and because of high mobility and 
slow solubility; it can cause surface and ground water contamination. Atrazine 
can be a harmful substance for human and environment therefore, the WHO 
established a MCL of atrazine 0.002 mg/L. 
 
The most common methods for the removal of atrazine in water are adsorption 
using activated carbon or oxidation using AOP. Adsorption using activated 
carbon is an efficient way for atrazine removal from water; however it is very 
costly method and can be significantly affected by the presence of NOM in water. 
A pre-treatment of water can make adsorption by activated carbon more 
promising method. AOP showed more efficient results for atrazine removal from 
water. It can be observed that ozonation (O3) in combined with H2O2 showed a 
good results for atrazine degradation. However, atrazine removal by AOP 
involving O3 produces a high concentration of harmful by-products. Atrazine 
photooxidation using UV irradiation showed good results for atrazine removal in 
water. Atrazine reacts differently with different UV wavelengths; however UVC 
irradiation seems to be the most efficient. It can be observed that atrazine 
photocatalysis using TiO2 has a positive impact on atrazine removal using UVA, 
UVB and UVC irradiation.  The presence of NOM is an important factor affecting 
atrazine photolysis and photocatalysis.  
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The production of atrazine degradation by-products (especially DEA and DIA) is 
a concern as its toxic substances. Also, as atrazine a nitrogen rich compound, 
the formation of nitrite and nitrite is an important factor to be considered. Nitrite 
can be toxic if presented in water in concentrations over 1.0 mg/L as it was set by 
the WHO. 
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CHAPTER TWO 
 
 
 
 
2. MATERIALS AND METHODS 
 
2.1. CHEMICALS    
 
2.1.1 Atrazine 
 
Atrazine of high purity (98%) from Supelco, USA, was used through the entire 
experimental program. 
 
2.1.2 NOM-Free Water  
 
All NOM-free water experiments were conducted in Milli-Q water (Millipore, 
USA). Spiked solutions and stock solutions were prepared in NOM-free water.   
 
2.1.3 Methanol (MeOH) 
 
Methanol high purity (99%) by UNICHROM was used during all HPLC analysis 
as mobile phase. Methanol was also used in the preparation of atrazine stock 
solutions to dissolve atrazine, the mixture then was diluted in NOM-free water.   
 
2.1.4 Natural Organic Matter (NOM)  
 
The NOM used in this experimental program was concentrated from the Hope 
Valley Reservoir, South Australia, using the magnetic anion exchange resin, 
MIEX™, a method found to remove 80% of the dissolved organic matter 
originally present measured as DOC (Newcombe et al., 1997). The NOM 
concentrate was provided by the Australian Water Quality Centre, Bolivar, South 
Australia. NOM composition as follow: 
NOM: Hope valley MIEX. 
Colour (HU): 70.9. 
A254: 0.32. 
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DOC (mg/L): 8.5. 
Alkalinity (mgCaCO3/L): 2.5. 
Iron (mg/L): 0.183. 
pH: 7. 
Av.Mw: 2050. 
 
2.1.5 Titanium Dioxide (TiO2) 
 
TiO2 of particle size of less than 2 microns, 95% purity and density of 3.9 (BDH 
chemicals, England) was used in all photocatalysis experiments.  
 
2.2 EQUIPMENTS  
 
2.2.1 UV Reactor 
 
The UV reactor used to carry out photooxidation runs was designed and 
manufactured at the School of Civil and Chemical Engineering, RMIT University 
by Parkinson A. (Parkinson, 2001). The reactor has quartz tube (4.8 cm OD x 46 
cm) with a net volume of 700 mL mounted in the centre. Two UV lamps are 
located at 7cm distance from either side of the quartz reaction vessel.  A cooling 
system that uses air is used to control the temperature of the samples in the 
quartz tube. Gas (oxygen) inlet port was fitted in to ensure even mixing of the 
samples and maintain the oxygen level in the samples. Parabolic steel reflectors 
were fitted in the reactor to increase the efficiency of the UV lambs (Figure 2-1). 
 
The design of the reactor allows for the use of 15W UV lamps. In this study three 
different UV lamps were utilized: 
I. UVA (320-400 nm) black light from NEC, Japan. 
II. UVB (280-320 nm) from SANKYO DENKI, Japan. 
III. UVC [(100- 280 nm), 94% at 253.7 nm] from SANKYO DENKI, Japan.  
 
The UVC lamp gives UV radiation in the wavelength range 100-280 nm. It is 
considered as 253.7 nm because 94% of the energy radiated in the visible and 
ultra violet section of the spectrum is concentrated at this wavelength.  
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Figure 2-1: Schematic diagram of the UV reactor used for photooxidation of 
atrazine (Parkinson, 2001). 
 
The UV lamps were replaced after 50% of their service life based on the 
information from the supplier. The intensity of the different UV lamps is shown in 
Table 2-1.  
 
2.2.1.1 UV Dose Analysis 
 
UV dose is the product of intensity multiplied by contact time, the intensity is the 
amount of UV energy per unit area (mW/cm2). The UV intensity of the UVA, UVB 
and UVC lamps was determined using UV light intensity meter (International 
Light 1700 Research Radiometer, USA). The intensity of new and used (reached 
50% service life) UV lamps, was measured. Also the intensity for different water 
samples both for new and old lamps was measured.  
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The intensity of the UV light is affected by several factors such as suspended 
solids, organic materials (in the solution) and water hardness. Therefore UV lamp 
intensity was measured at a specific distance from the intensity meter, the same 
distance used to measure the intensity of the UV lamps for different water 
samples of 100 mL volume. Water samples included 5 mg/L atrazine in NOM-
free water, 5 mg/L atrazine in 15 mg/L NOM, 5 mg/L atrazine with 25 mg/L TiO2 
and 15 mg/L NOM with25 mg/L TiO2, Table (2-1).  
 
Table 2-1: Intensity (Io) of the different UV lamps 
 Intensity of UVA 
lamp mW/cm2 
Intensity of UVB 
lamp mW/cm2 
Intensity of UVC 
lamp mW/cm2 
 New 
lamp 
50% 
served  
New 
lamp 
50% 
served 
New 
lamp 
  50% 
served 
UV radiation 
 
1.25 0.98 1.77 1.54 2.5 2.1 
Atrazine in 
NOM-free 
water 
2.3 1.9 1.12 0.73 0.009 0.003 
Atrazine in 
NOM-rich 
water 
1.16 0.76 0.2 0.14 0.006 0.002 
Atrazine with 
TiO2 
0.49 0.4 0.11 0.1 0.007 0.004 
NOM with 
TiO2 
0.22 0.19 0.03 0.03 0.006 0.001 
 
 
2.2.2 High Performance Liquid Chromatography (HPLC) 
 
The HPLC (Applied Biosystem Model 150A series) was used for atrazine 
analysis. This system was equipped with Wakosil IITM 5C8   RS column (5 µm 
particle size packing, 150 mm x 4.6 mm ID, S.G.E.). The injected samples pass 
through a 100 µm loop at a flow rate of 2 mL/min and are detected at 220 nm. 
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The mobile phase contained a mixture of Milli-Q water and Methanol at ratio of 
30:70 vol/vol. 
 
 
2.2.3 Spectrophotometer 
 
A Unicam UV/vis Spectrophotometer Model UV2 was used to measure the 
absorbance of samples at 254 nm as well as absorbance spectra in the range 
190-400 nm. 
 
 
2.2.4 Colorimeter 
 
A portable data-logging colorimeter (HACH, USA) was used for measurement of 
NO2 and COD concentrations. Diazotization method of powder pillows of low 
range (0-0.35 mg/L) was applied for nitrite analysis. The high range reagent (0-
1500 ppm) produced by HACH was used to measure COD concentrations. 
Analysis of COD and nitrite is described in the methods section in this chapter 
(section 2.3). 
 
 
2.2.5 TOC Analyser 
 
A total organic carbon analyser (SIEVERS model 800/820, USA) with automatic 
sampler was used for TOC measurements. The method is based on the 
oxidation of organic compounds to carbon dioxide using UV irradiation and 
chemical oxidizing agent ammonium persulphate. The TOC value is calculated 
using the following equation: 
 
TOC total organic carbon = TC total carbon – TIC total inorganic carbon 
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2.3  METHODS 
 
2.3.1 Atrazine Stock Solution 
 
Atrazine powder was dissolved in methanol before adding Milli-Q water to 
prepare atrazine stock solution. A stock solution of 20 mg/L concentration was 
prepared by dissolving 20 mg of atrazine in 0.08 mL of methanol before diluting 
to a liter using Milli-Q water. The solution was then shaken to ensure all atrazine 
powder was completely dissolved and stored at 4°C. The stock solution was 
used to prepare samples of different atrazine concentrations for preparation of 
the standard curve and UV photooxidation experiments. Atrazine in NOM-free 
water was prepared from the concentrated atrazine stock solution and Milli-Q 
water while for atrazine in NOM-rich water, concentrated NOM was added to the 
Milli-Q water before addition of the stock solution to the required concentration. 
All samples were prepared just before the start of an experiment to avoid 
variations due to temperature and light conditions.  
 
When the catalyst TiO2 was used, the required mass was weighed and then 
added to the freshly prepared atrazine solution and used immediately for 
photocatalysis experiments.  
 
 
2.3.2 UV Photooxidation 
 
Photooxidation experiments of atrazine in NOM-free water comprised solutions at 
2, 5 and 10 mg/L, while experiments that looked at atrazine in NOM-rich water 
comprised a matrix of solutions such as 5 mg/L of atrazine at background levels 
of NOM of 5 or 15 mg/L. similar matrix for 10 mg/L atrazine was also used.  
 
All irradiation experiments utilized air to provide oxygen and agitate the sample in 
the reactor vessel. During the experiment, sample volumes of 4 mL were 
collected from a nozzle at the bottom of the reactor vessel at set time intervals for 
atrazine and NOM analysis. The UV reactor design allowed for flushing of the 
sample collection nozzle before each sample was taken. The samples were 
collected in an air tight vial and stored at 4° until analysed. 
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The number of samples collected was selected such that total volume of samples 
collected during an experiment did not exceed 10% of the initial solution volume. 
In some cases, the same run was conducted twice where the second run was 
mainly to collect samples for nitrite analysis (and other parameters such as 
TOC). The repeated run(s) were also a measure of reproducibility. All 
experiments were carried out at room temperature.   
 
 
2.4 ANALYSIS  
 
2.4.1 Atrazine Analysis 
 
Atrazine concentrations were measured using HPLC (See section 2.2.2). A 
typical chromatogram for atrazine in NOM-free water is shown in Figure 2-2. 
Atrazine was detected at 2.04 minutes. Standard solutions of atrazine at 1, 3, 5, 
7 and 10 mg/L were used to establish a calibration curve. A typical calibration 
curve is shown in Figure 2-3. Calibration curves were determined for each set of 
HPLC analyses.  
 
 
Figure 2-2: Atrazine (peak) area after it has been analysed by HPLC 
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Figure 2-3: Typical atrazine standard curve.  
 
 
2.4.2 Nitrite Analysis 
 
Nitrite analysis was performed for all UVC, UVB and UVA irradiation 
experiments. The diazotization method (powder pillows of low range 0.00-0.35 
mg/L) was used. Samples volumes of 10 ml were collected at set time intervals. 
The collected samples were analysed for nitrite immediately by adding reagent 
powder pillow, followed by measuring NO2
- calorimetrically.  The nitrite reacts 
with the acid of the pillow producing a pink colored complex, of intensity 
proportional to the concentration of nitrite present in the sample.   
 
 
2.4.3 COD Analysis 
 
During UV photooxidation experiments carried out to assess COD removal, 2 mL 
samples were collected at 30 minute intervals for COD analysis using the HACH 
method. The high range COD test vials of 0-1500 mg/L were used. The 2 mL 
photooxidized atrazine samples were added to the reagent test tubes, mixed for 
2 minutes, the tubes placed in a digester at 150οC temperature for two hours 
(HACH, 2003).  Samples were left to cool to room temperature before COD 
measurements using the colorimeter. COD concentration was measured three 
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times for each sample, average value was used. The COD results are discussed 
in Chapter three.  
 
 
2.4.4 TOC Analysis 
 
Analysis for TOC levels was performed for some of the experiments, conducted 
mainly to assess the net effectiveness of the process. All samples were filtered 
through 0.45 µm membrane filters (Millipore). Acid rate of 0.75 µL/min and 
oxidation rate of 2.0 µL/min were used in all TOC tests in the range of 0-50 mg/L.  
The TOC of every sample was measured three times and the average of the 
three was used. Samples were stored at 4οC for up to 3 days prior to analysis as 
a batch.   
 
 
2.4.5 BOD Analysis 
 
BOD analysis was conducted for some atrazine samples. The analyses were 
conducted by Water ECOscience Laboratories in Melbourne, Australia. The test 
method was based on 'Standard Methods for the Examination of Water and 
Wastewater, 20th ed. 1998, 5210B 5-day BOD Test. Samples were carried to 
Water ECOscience Laboratories immediately after collection. The BOD was 
determined by using BOD standard APHA method. The seed used in the BOD 
test was obtained from the South eastern treatment plan (sewage water).  
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CHAPTER THREE 
 
 
 
3. RESULTS AND DISCUSSION 
 
In this study, the degradation of atrazine using UVC, UVB and UVA was 
determined for different initial atrazine concentrations in both NOM-free and 
NOM-rich waters. The relationship between atrazine removal and its 
concentration was evaluated for three initial concentrations (5 and 10 mg/L) and 
(2 mg/L) in some experiments. These concentrations are very high compared to 
the concentrations that are usually found in contaminated surface waters. 
However, they were used to build knowledge in relation to means and trends of 
atrazine removal shown under test conditions which could be used for the design 
of pilot scale processes for likely occurring levels of contamination. The effect of 
the presence of background NOM at 5 and 15mg/L on atrazine removal was also 
investigated.  
 
The aim of the study is to assess the performance and viability of the UV unit 
at atrazine concentration range. Also, atrazine detection using HPLC, 
available for analysis for this study is not possible at nano-gram levels.   
 
 
Section one of this chapter reviews the results of atrazine photolysis by UVC, 
UVB and UVA. Photooxidation of atrazine in the presence of the catalyst titanium 
dioxide in the presence and absence of NOM was also investigated. The 
effectiveness of combined photolysis (i.e. UVC, UVB and UVA radiation) and 
photocatalysis using TiO2 was assessed in terms of atrazine removal and by-
products formation; TOC, COD and BOD removal were also investigated. Nitrite 
formation during atrazine photooxidation processes at different wavelengths was 
investigated in order to assess the potential nitrite toxicity of treated water 
contaminated with atrazine.  
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3.1 PHOTOLYSIS OF ATRAZINE  
 
3.1.1 Photolysis of Atrazine by UVA, UVB and UVC in NOM-Free Water 
 
Atrazine degradation using UVC, UVB and UVA irradiation was evaluated for an 
initial concentration of 5 mg/L in NOM-free water.  Figure 3-1 shows that 
complete removal of atrazine was achieved after 120 minutes of UVC irradiation 
compared with 30% and 6% using UVB and UVA, respectively. A similar trend 
was observed for a higher initial atrazine concentration (10 mg/L), however, less 
degradation of atrazine was obtained for all samples (Figure 3-2). For example, 
using UVC and UVB 74% and 30% compared with 67% and 17% removal were 
obtained at 5 and 10 mg/L initial concentration, respectively, after 30 minutes 
irradiation. It is also observed that 50-60% of the maximum removal occurred in 
the first 15 minutes of irradiation for both UVC and UVB. This suggests that 
atrazine degradation occurs in two stages; the first is fast and occur within the 
first 30 min UV irradiation, the second stage follow at a slower rate. It is likely that 
the formation of atrazine degradation by-products slow down atrazine removal 
possibly because they attenuate the UVC and UVB radiation due to their higher 
molar absorptivity than atrazine. This will be further discussed in the following 
sections. 
 
The results shown in Figure 3-1 and 3-2 demonstrate that UVC irradiation is 
more efficient than UVB for the degradation of atrazine in NOM-free water, 
maximum removal with UVC was 4 times higher than that obtained for UVB. The 
results demonstrate that UVA is inefficient for atrazine degradation under the test 
conditions.  
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Figure 3-1: Atrazine removal in NOM-free water, irradiated with UVC, 
UVB or UVA. (Co (atrazine) = 5 mg/L) 
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Figure 3-2: Atrazine removal in NOM-free water, irradiated with UVC, 
UVB or UVA. (Co (atrazine) = 10 mg/L) 
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It is noted that this trend is consistent with the absorbance of atrazine at the 
corresponding wavelengths for UVC, UVB and UVA as shown in Figure 3-3. 
There is a direct relationship between atrazine absorbance of UV radiation and 
atrazine degradation by photolysis. However, it is difficult to establish a 
consistent ratio because atrazine removal by UVC irradiation is much faster than 
for UVB and UVA as discussed in earlier in this section. In addition, the atrazine 
degradation by-products play a role in the degradation processes either via 
screening the UV radiation. This necessitates evaluation of the proposed 
photooxidation process under different conditions likely to occur in water 
treatment.  
 
 
Figures 3-3: Absorbance spectrum for atrazine in NOM-free water  
(Co (atrazine) = 5 mg/L) 
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3.1.2 Photolysis of Atrazine by UVC, UVB and UVA in NOM-Rich Water 
 
Surface waters may contain a variety of dissolved compounds including NOM. 
The effect of the presence of NOM (at 5 and 15 mg/L) on atrazine degradation 
was assessed. Consistent with the results for NOM-free water, UVC irradiation 
was the most efficient under the conditions tested, and showed a similar 
degradation trend. For example, for 5 mg/L NOM after 30 minutes of irradiation, 
atrazine (Co= 5 mg/L) decreased to 1.5 mg/L compared to 3.8 mg/L and 4.2 mg/L 
using UVC, UVB and UVA, respectively (Figure 3-4). The same relationship was 
observed for 15 mg/L NOM, as shown in Figure 3-5, 3.0 mg/L, 1.4 mg/L and 1.2 
mg/L were removed using UVC, UVB and UVA, respectively.  
 
Similar trend was observed for an initial atrazine concentration of 10 mg/L in the 
presence of NOM at 5 mg/L (Figures 3-6). The results show that atrazine 
degradation by UV radiation followed a decreased order as follows UVC> UVB> 
UVA. However, for the same initial concentration of 10 mg/L in the presence of 
higher concentration of NOM (15 mg/L) atrazine removal by UVA was higher than 
UVB throughout the duration of the experiment (Figure 3-7). This effect could be 
due to the photosensitizing effect of NOM irradiated with UVA (discussed further 
in section 3.1.5). These results are similar to those found by Beltran et al. (1993) 
and Faust and Hoigne (1987).  They reported that atrazine and other pesticides 
removal using solar energy (UVA) increased in the presence of NOM and other 
humic acids.    
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Figure 3-4: Atrazine removal in NOM-rich water (5 mg/L) irradiated with 
UVC, UVB or UVA (Co (atrazine) = 5 mg/L) 
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Figure 3-5: Atrazine removal in NOM-rich water (15 mg/L) irradiated with 
UVC, UVB or UVA (Co (atrazine) = 5 mg/L) 
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Figure 3-6: Atrazine removal in NOM-rich water (5 mg/L) irradiated with 
UVC, UVB or UVA (Co (atrazine) = 10 mg/L) 
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Figure 3-7: Atrazine removal in NOM-rich water (15 mg/L) irradiated with 
UVC, UVB or UVA (Co (atrazine) = 10 mg/L) 
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Inspection of Figure 3-8 shows that the absorbance of the NOM-rich water (5 
mg/L and 15 mg/L NOM) is higher at the wavelengths for UVC (the absorbance 
is 0.185 and 0.66 for 5 mg/L and 15 mg/L of NOM, respectively) than for UVB 
and UVA. This indicates that atrazine removal by UVC irradiation will be more 
affected, in the presence of NOM, compared with UVB and UVA irradiation, For 
example, by comparing Figures 3-1 and 3-5, it can be observed that using UVB, 
atrazine removal after 60 minutes irradiation, decreased from 35% in NOM-free 
water to 27% in the presence of NOM (15 mg/L). For the same duration of 
irradiation using UVC, the presence of the same level of NOM (15 mg/L) led to 
15% decrease (from 95% to 80%) in atrazine removal, approximately double the 
impact observed for UVB.  These results clearly show that atrazine removal 
using UVC radiation is more negatively affected compared with UVB in the 
presence of NOM and suggest that NOM molecules have higher screening effect 
for UVC wavelengths.   
 
Atrazine removal by UV irradiation is directly related to the absorbance which 
confirms that direct photolysis is the main mechanism for atrazine degradation by 
UV irradiation. A similar finding was reported by Beltran et al. (1994) and 
Solarska et al. (2001). 
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Figure 3-8: Absorbance spectrum for NOM (Co= 5 and 15 mg/L) 
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A summary of atrazine removal by UVC, UVB and UVA irradiation at different 
doses in NOM-free and NOM-rich waters, for atrazine at initial concentrations of 
5 mg/L and 10 mg/L is shown in Table 3-1.  It can be observed from Table 3-1 
that at a dose of 4,500 mW.sec/cm2 (4.5 J/cm2) irradiation of UVC, 76% and 60% 
of atrazine was removed in NOM-free water and in NOM-rich water (15 mg/L), 
respectively, compared with 32% and 28% using UVB and, 7% and 26% using 
UVA irradiation. It should be noted that a UVC dose of 4.5 J/cm2 is achieved after 
30 minutes of UVC irradiation but 42.2 and 60 minutes of UVB and UVA 
irradiation, respectively, are required to achieve this dose, Similar trend can be 
observed for atrazine removal at a higher UV-dose (18 J/cm2).  A comparison 
concerns UV dose clearly show that UVC irradiation is more effective for atrazine 
removal compared with UVB and UVA.   
 
Table 3-1: Summary of atrazine removal for UVC, UVB and UVA irradiation for 
two UV doses 4.5 and 18.0 J/cm2 at different atrazine and NOM 
concentrations. 
Atrazine removal (%)  UV range, 
Atrazine conc. 
UV intensity 
UV-dose  
J/cm2 
Irradiated 
time  
minutes  
NOM-
free  
NOM-rich 
5 mg/L 
NOM-rich 
15 mg/L  
4.5 30 76% 72% 60% UVC, 5 mg/L, 
Io=2.5 mW/cm
2 18.0 120 99% 98% 95% 
4.5 42.2 32% 30% 28% UVB, 5 mg/L, 
Io=1.77 mW/cm
2 18.0 169.5 36% 32% 30% 
4.5 60 7% 20% 26% UVA, 5 mg/L, 
Io=1.25 mW/cm
2 18.0 240 10% 28% 36% 
4.5 30 70% 58% 52% UVC, 10 mg/L, 
Io=2.5 mW/cm
2 18.0 120 98% 93% 82% 
4.5 42.2 18% 15% 12% UVB, 10 mg/L, 
Io=1.77 mW/cm
2 18.0 169.5 25 % 20% 16% 
4.5 60 2% 13.5% 18% UVA, 10 mg/L, 
Io=1.25 mW/cm
2 18.0 240 6% 18% 22% 
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The results in Table 3-1 show that the majority of atrazine breakdown occurs in 
the first 30 minutes of irradiation (4.5 J/cm2). Longer irradiation time is required to 
achieve complete removal or to increase atrazine removal, can be attributed to 
the formation of photooxidation by-products. These products have a screening 
effect for UV radiation that decreases atrazine removal (Solarska et al., 2002).  
Many studies have shown that major atrazine photooxidation products are DEA 
and DIA (see section 1.3.5). which have a molar absorptivity of 3291 M-1.cm-1 
and 3056 M-1.cm-1, respectively, compared with 2486 M-1.cm-1for atrazine 
(Beltran et al., 1993).  Although identification of atrazine by-products is not in the 
scope of this study, the results obtained clearly indicated the formation of two 
main by-products, which is discussed in more detail in section 3.3    
 
The trend of fast followed by slow decrease in atrazine breakdown was also 
observed at the different UV ranges and background NOM levels tested. By 
doubling the irradiation time (from 30 to 60 minutes) the maximum increase in 
atrazine removal achieved was 19%, 5% and 3% for UVC, UVB and UVA, 
respectively, for atrazine at 5 mg/L.  The high increase in atrazine removal 
obtained at prolonged UVC irradiation (19%) suggests the by-products formed, 
under these conditions, have high absorbance of UVC wavelengths.   
 
In the following sections, atrazine removal (at Co of 2, 5 and 10 mg/L) using 
different UVA, UVB and UVC radiation will be assessed with a focus on the effect 
of the presence of background NOM (5 and 15 mg/L).  
 
 
3.1.3 The Effect of the Presence of NOM on Atrazine Removal by UVC 
Irradiation 
 
The effect of the presence of background NOM on UVC degradation of atrazine 
was evaluated for initial concentrations of 2, 5 and 10 mg/L for two background 
NOM levels.  It was found that degradation of atrazine decreases with increased 
NOM background levels as shown in Figure 3-9, where after 30 minutes of UVC 
irradiation, 70%, 58% and 52% of atrazine was removed from NOM-free, 5 mg/L 
and 15 mg/L NOM-rich waters, respectively. This adverse effect can be attributed 
to the screening of UVC radiation by NOM compounds.  
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A similar inhibitory effect by organic background matter was observed by 
Solarska et al. (2002) and Beltran et al. (1993) who concluded that atrazine 
degradation was predominantly due to photolysis, and that hydroxyl radicals do 
not have a significant effect on atrazine breakdown in the presence of organic 
matter. Both groups reported greater breakdown of atrazine in the absence of 
organic background matter. 
 
A similar trend was observed for lower initial concentrations of 5 and 2 mg/L of 
atrazine (Figures 3-10 and 3-11). The presence of NOM slowed the degradation 
of atrazine, which suggests that photolysis is the main mechanism responsible 
for atrazine removal under these conditions. Inspection of Figure 3-10 shows that 
for atrazine at initial concentration of 5 mg/L, 50% and 90% removals were 
obtained at 15 and 60 minutes of photooxidation, respectively. This is compared 
with 20 and 75 minutes in NOM-rich water at 5 mg/L and 21 and 110 minutes in 
NOM-rich water at 15 mg/L. Since the first 50% of removal occurs in 15, 20 and 
21 minutes, this suggests that initially atrazine breakdown occurs by direct 
photolysis. Photolysis of atrazine is the dominating mechanism and the 
attenuation by NOM of the radiation is predominant during the time required for 
complete removal.  The results also suggest that atrazine degradation occurs 
due to two reactions, the first is fast and is not affected by the presence of NOM, 
while the second is slower and is affected by the presence of NOM. 
 
 
  
56
0.00
2.00
4.00
6.00
8.00
10.00
0 50 100 150 200 250 300
Time (mins)
A
tr
a
zi
n
e
 c
o
n
c
e
n
tr
a
ti
o
n
 (
m
g
/L
)
NOM-free water NOM-rich water (5 mg/L) NOM-rich water (15 mg/L)
 
Figure 3-9: Atrazine removal from NOM-free and NOM-rich water by 
UVC irradiation, (Co (atrazine) = 10 mg/L). 
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Figure 3-10: Atrazine removal from NOM-free and NOM-rich water by 
UVC irradiation, (Co (atrazine) = 5 mg/L) 
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Figure 3-11: Atrazine removal from NOM-free and NOM-rich water by 
UVC irradiation, (Co (atrazine) = 2 mg/L) 
 
Figure 3-12 shows that for atrazine (5 mg/L) in NOM-free water, absorbance at 
254 nm increased with time, which agree with previous discussion in relation to 
atrazine breakdown and the formation of oxidation by-products (DEA and DIA) 
that have higher absorbance at 254 nm than atrazine (section 3.1.2, page 54), 
and are not removed by UVC irradiation.  In the presence of NOM, the 
absorbance during the first 30 minutes decreased at a higher rate compared with 
that observed in the remaining of the irradiation period. The observed net 
decrease in absorbance indicates that the proportion of NOM breakdown was 
large and fast enough to exceed that exerted by atrazine by-products.  The 
absorbance at 254 nm for atrazine solution (atrazine in the presence of NOM) 
continued to slightly and slowly decrease over the irradiation period. Further 
more, atrazine was completely removed after 150 and 180 minutes in the 
presence of 5 and 15 mg/L NOM respectively, while the absorbance at 254 nm (a 
measure of NOM concentration) showed a relative decrease of 20% and 16% 
compared with the initial measured absorbance. These observations indicate that 
NOM photolysis occur simultaneously with atrazine breakdown using UVC 
irradiation, which can explain the lower and slower removal of atrazine in NOM-
rich waters.  Similarly, Solarska et al. (2002) reported that photolysis of atrazine 
dissolved in NOM-rich water by UVC and UVC+185 nm was not as fast as in 
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NOM-free water. In other words, NOM photolysis slowed breakdown of atrazine 
by UVC irradiation.   
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Figure 3-12: Absorbance at 254 nm for atrazine in NOM-free and NOM-
rich water treated by UVC irradiation (Co (atrazine) = 5 mg/L) 
 
 
3.1.4 The Effect of the Presence of NOM on Atrazine removal by UVB Irradiation 
 
The impact of NOM presence on atrazine breakdown using UVB irradiation was 
evaluated and the results obtained, shown in Figures 3-13 and 3-14, are 
discussed in the following section.  It was observed that the presence of NOM 
has an adverse impact on UVB photodegradation of atrazine in water. Only 15% 
of atrazine removal was achieved in NOM-rich water at 15 mg/L compared with 
19% in NOM-rich water at 5 mg/L and 24% in NOM-free water (Figures 3-13 and 
3-14). 
 
For UVB irradiated samples it was observed that the effect of the presence of 
NOM is less significant compared with that for UVC irradiated samples. For 
example NOM concentrations of 5 and 15 mg/L (at 10 mg/L initial atrazine 
concentration) reduced atrazine degradation by 10% and 20%, respectively, after 
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60 minutes treatment using UVC radiation (Figure 3-9) compared with 3% and 
7%, respectively, for UVB radiated samples (Figure 3-13).  
 
This suggests that the screening effect of the presence of NOM compounds on 
photodegradation of atrazine is less at the longer wavelength UVB radiation, in 
other words the absorbance of NOM for UVC, as such screening, is greater than 
for UVB. Similarly, at the lower atrazine concentration of 5 mg/L, the total 
removal after 300 minutes UVB irradiation was 40% in NOM-free water and 30% 
in NOM-rich (15 mg/L) water. This indicates that, as shown in Figure 3-8, NOM 
absorbance for A254 is greater than for A280-340 and so exerts a greater screening 
effect for UVC than UVB.  These results support the finding of Solarska et al. 
(2002) and Beltran et al. (1993) that atrazine removal is mainly due to photolysis. 
This is also demonstrated by the absorbance data at 254 nm for UVB irradiated 
samples. 
 
0.00
2.00
4.00
6.00
8.00
10.00
0 50 100 150 200 250 300
Time (mins)
A
tr
a
z
in
e
 c
o
n
c
e
n
tr
a
ti
o
n
 (
m
g
/L
)
NOM-free water NOM-rich water (5 mg/L) NOM-rich water (15 mg/L)
 
Figure 3-13: Atrazine concentration in NOM-free and NOM-rich water 
during UVB irradiation, (Co (atrazine) = 10 mg/L) 
 
  
60
0.00
1.00
2.00
3.00
4.00
5.00
0 50 100 150 200 250 300
Time (mins)
A
tr
a
z
in
e
 c
o
n
c
e
n
tr
a
ti
o
n
 (
m
g
/L
)
NOM-free water NOM-rich water (5 mg/L) NOM-rich water (15 mg/L)
 
Figure 3-14: Atrazine concentration in NOM-free and NOM-rich water 
during UVB irradiation, (Co (atrazine) = 5 mg/L) 
 
Figure 3-15 shows a minimal decrease in absorbance at 254 nm for atrazine (5 
mg/L) in NOM-free water. The low decrease in absorbance contradicts with the 
40% removal of atrazine achieved using UVB radiation (Figure 3-13).  
Considering absorbance trend observed for UVC irradiated atrazine solution at 
similar conditions, the absorbance trend shown in Figure 3-15 suggests that 
atrazine oxidation by-products are formed during UVB irradiation, but at a lower 
concentration, compared with those formed during UVC irradiation, leading to a 
small net decrease in absorbance.  These suggestions are supported by other 
data obtained throughout this study as discussed in section 3.3 (Formation of 
Atrazine By-products) 
 
For UVB irradiated samples (Figure 3-15) the net decrease in absorbance at 254 
nm for atrazine in NOM-rich waters was less than that observed for UVC 
irradiated samples (Figure 3-12).  This tend is consistent with NOM absorbance 
at the UVC and UVB wavelength radiation.  In summary the results discussed in 
this section suggest that atrazine removal by UVB radiation is mainly by 
photolysis, similar to that by UVC.  
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Figure 3-15: Absorbance at 254 nm for atrazine in NOM-free and NOM-
rich water treated by UVB irradiation (Co (atrazine) = 5 mg/L)  
 
 
3.1.5 The Effect of the Presence of NOM on Atrazine Removal by UVA Irradiation 
 
The presence of NOM noticeably increased atrazine removal during UVA 
irradiation (Figures 3-16 and 3-17); atrazine removal increased from 5% in NOM-
free water to 17% and 20% in NOM-rich (5 mg/L and 15 mg/L) water, 
respectively, after 300 minutes. This increase could be attributed to the NOM 
molecules acting as photosensitizers when irradiated at visible or near UV 
wavelength and thereby enhancing UV absorbance. The same effect was 
reported by Beltran et al. (1993) and Faust and Hoigne (1987). They reported an 
increase of atrazine removal by UVA irradiation in the presence of NOM and 
other humic acids. The mechanism behind this phenomenon is yet to be 
determined.  
 
  
62
0.00
2.00
4.00
6.00
8.00
10.00
0 50 100 150 200 250 300
Time (mins)
A
tr
a
z
in
e
 c
o
n
c
e
n
tr
a
ti
o
n
 (
m
g
/L
)
NOM-free water NOM-rich water (5 mg/L) NOM-rich water (15 mg/L)
 
Figure 3-16: Concentration of atrazine in NOM-free water during UVA 
irradiation, (Co (atrazine) = 10 mg/L) 
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Figure 3-17: Concentration of atrazine in NOM-free water during UVA 
irradiation, (Co (atrazine) = 5 mg/L) 
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Similar results were obtained for an atrazine concentration of 5 mg/L.   Figure 3-
17 shows increased atrazine removal of 10%, 23% and 28% in NOM-free water, 
and NOM-rich (5 mg/L and 15 mg/L) water, respectively, after UVA irradiation for 
120 minutes. Furthermore, around 60% of the removal observed within the first 
30 minutes of irradiation. 
 
For UVA irradiated atrazine solutions, the trend of decreased absorbance for 
atrazine (5 mg/L) in NOM-free, as shown in Figure 3-18, is similar to that 
observed for UVB irradiated samples.  The net decrease in absorbance indicates 
that the amount of atrazine by-products that may have formed was not high 
enough to outweigh the decrease in absorbance due to atrazine breakdown.   
 
Also, Figure 3-18 shows that for atrazine in NOM-rich water, an insignificant 
decrease in absorbance at 254 is observed suggesting that only a small amount 
of NOM molecules absorb UVA wavelength radiation, which seems to be 
proportional to NOM concentration. That is the decrease in absorbance at 15 
mg/L NOM is higher than at 5 mg/L.  Furthermore, although background NOM 
lead to enhanced atrazine removal (NOM molecules act as photosensitizers) 
proportional to NOM level, the removal or breakdown of NOM was not affected, 
rather, it was similar to that observed using UVB radiation.   
 
By comparing Figures 3-9, 3-13 and 3-16 (Co atrazine = 10 mg/L) and Figures 3-
10, 3-14 and 3-17 (Co atrazine = 10 mg/L), it can be seen that the removal of 
atrazine both in NOM-free and NOM-rich water was higher and faster using  UVC 
than using UVB or UVA.  In mean time it confirms that atrazine removal, under 
conditions tested, was mainly due to direct photolysis. 
 
Parkinson et al. 2002 reported that UVC radiation is significantly more effective 
than UVB and UVA radiation, as well as UVB is more effective than UVA both for 
the photooxidation of the UV-absorbing compounds and removal of DOC. UVC 
irradiation for 40 hours caused complete removal of the UV absorbance capacity 
of NOM samples, on the other hand less than 30% removal was achieved by 
UVB and UVA within the same time (Parkinson et al., 2003). 
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Figure 3-18: Absorbance at 254 nm for atrazine in NOM-free and NOM-
rich water treated by UVA irradiation (Co (atrazine) = 5 mg/L) 
 
 
 
3.2 PHOTOCATALYSIS OF ATRAZINE USING TITANUM DIOXIDE 
 
3.2.1 UVC/TiO2 Photocatalysis of Atrazine  
 
UVC photooxidation of atrazine (5 mg/L) in NOM-free and NOM-rich water (at 5 
mg/ L and 15 mg/L) in the presence of different levels of a photocatalyst, TiO2, 
was assessed; the results obtained are discussed in this section.  
 
UVC photooxidation of atrazine (5 mg/L) in the presence of TiO2 (25 mg/L) 
resulted in 90% degradation in 38, 58 and 105 minutes for NOM-free water and 
NOM-rich (5 mg/L and 15 mg/L) water, respectively, Figure 3-19 (results for 
NOM-rich (5 mg/L) water are not shown). 
 
In the absence of NOM, the presence of TiO2 at 25 mg/L enhanced atrazine 
removal by 10%, as shown in Figure 3-19A. This can be attributed to the 
formation of the highly reactive OH● radicals which occur in the presence of TiO2. 
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The degradation of atrazine in this case occurs due to both photolysis and OH● 
radicals. However, in the presence of NOM (15 mg/L) atrazine removal only 
increased by 5% the presence of 25 mg/L, as shown in Figure 3-19B.  In this 
situation, the presence of NOM, the OH● radicals may attack both the atrazine 
and the NOM, which can explain the decrease in atrazine removal.  However, 
increase TiO2 concentration to 125 mg/L resulted in decrease of atrazine removal 
by about 20% for both NOM-free and NOM-rich water (Figure 3-19 A and B). 
These results are due to the shield effect caused by TiO2 particles.  
 
In the presence of TiO2 (25 mg/L) absorbance at 254 nm for atrazine solution 
(atrazine 5 mg/L in NOM-rich (15 mg/L) water) decreased from 0.96-0.82, after 
120 minutes irradiation by UVC (Figure 3-20), which is of similar magnitude 
(0.88-0.76) to that obtained for the same atrazine solution, in the absence of TiO2 
(Figure 3-12). This suggests that the OH● radicals that were produced in the 
presence of TiO2 contributed to atrazine removal (attacked atrazine molecules) 
rather than to NOM degradation.  Therefore, the decrease in atrazine removal 
(Figure 3-19B) may be explained in terms of screening effect of UV radiation, 
rather than due to the consumption of OH● radicals, by NOM molecules. Further 
work is needed to determine the cause of such a trend. 
 
It was observed that when the concentration of TiO2 was increased to 125 mg/L, 
the rate of atrazine removal by UVC decreased as shown in Figure 3-19. This 
effect is most likely due to a shielding effect of the TiO2 particles which obstruct 
the radiation from reaching the atrazine molecules. The intensity (Io) of UVC light 
was reduced from 0.009 mW/cm2 for atrazine in NOM-free water to 0.006 
mW/cm2 for atrazine in the presence of 25 mg/L TiO2. However, Io fell 
significantly to 0.0006 mW/cm2 in the presence of 125 mg/L TiO2 (section 2.2.1.1) 
 
Therefore, the expected increase in atrazine breakdown due to higher OH● 
radicals’ concentration, resulting from the higher TiO2 concentration, was offset 
by the shielding effect of the TiO2 particles, reducing photolysis of atrazine and 
possibly generation of the OH● radicals that usually occur in the presence of TiO2. 
 
  
66
0
1
2
3
4
5
6
0 30 60 90 120 150
Time (mins)
A
tr
a
z
in
e
 c
o
n
c
. 
(m
g
/L
)
 
0
1
2
3
4
5
6
0 30 60 90 120 150
Time (mins)
A
tr
a
z
in
e
 c
o
n
c
. 
(m
g
/L
)
 
 (A)                                                          (B) 
Figures 3-19: Atrazine removal by UVC radiation in the presence of TiO2 for 
initial atrazine concentration of 5 mg/L, (A) NOM-free water 
and (B) NOM-rich water (15 mg/L) [♦ TiO2 free, ■ 25 mg/L 
TiO2 and ▲ 125 mg/L TiO2]  
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Figure 3-20: Absorbance at 254 nm for atrazine (5 mg/L) in NOM-free 
and NOM-rich water in the presence of TiO2 (25 mg/L) 
during UVC irradiation 
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3.2.2 UVB/TiO2 Photocatalysis of Atrazine  
 
UVB irradiation of atrazine solution in the presence of 25 mg/L of TiO2 increased 
atrazine removal by 20% compared with that in the absence of TiO2 (Figure 3-
21). The results obtained show that the presence of 25 mg/L TiO2 has a positive 
impact on the degradation of atrazine in both NOM-free and NOM-rich water, 
compared with that in the absence of TiO2.    
 
On the contrary, when 125 mg/L TiO2 was added, the removal of atrazine was 
reduced (Figure 3-21). As for UVC, the high concentration of TiO2 particles in the 
UV reactor prevented atrazine molecules from absorbing UVB irradiation, and 
possibly reduced OH● generation, and therefore reduced atrazine breakdown. In 
the presence of 125 mg/L TiO2, the reduction in degradation due to the shielding 
effect of the catalyst particles exceeded the increase in degradation due to the 
OH● radicals, causing a net lower removal of atrazine compared with that in the 
absence of TiO2. The effect of the presence of OH● radicals, induced by presence 
of TiO2 was clearly apparent after 180 minutes of UVB irradiation, for atrazine in 
NOM-free water (Figure 3-21A) and 240 in the presence of NOM-rich water (15 
mg/L), where atrazine removal exceeded that observed in the absence of TiO2 
(Figure 3-21B).  It is also noted that atrazine degradation in the presence of TiO2 
was almost consistent during the duration of UVB irradiation run for both NOM-
free and NOM-rich water contrary to the rate of degradation of atrazine, in the 
absence of TiO2, which stabilised after about 40 min of irradiation.  This suggests 
that the rate of atrazine breakdown due to the reactive OH● radical is faster than 
the rate of atrazine photolysis. Hequet et al. (2001) have concluded that atrazine 
removal by photocatalysis in the presence of titanium dioxide reduces the effect 
of the irradiation for atrazine removal. Also, Parra et al. (2001) have reported that 
photolysis is not effective to degrade atrazine because of the low molar 
absorptivities for the wave lengths of 300 nm and more, however the presence of 
TiO2 showed effective breakdown of atrazine due to the formation of OH● radical.   
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In the presence of TiO2 atrazine removal occurs due to UVB photolysis (slowed 
down almost completely after about 40 minutes of radiation due to the formation 
of atrazine by-products), plus removal due to OH●  radicals. Also, the rate of OH●   
production, thus reaction with atrazine, is consistent which explains the 
consistent decrease in atrazine concentration throughout the duration of UV 
radiation.  The results in Figure 3-21A indicate that when the concentration of 
TiO2 is increased (125 mg/L), 180 min are required for atrazine breakdown due 
to OH● radicals to overbalance the shielding effect of TiO2 particles and exceed 
that in the absence of TiO2.  In the presence of NOM, 240 minutes are required 
to overcome the shielding effect of TiO2 particles (Figure 3-21B) indicating lower 
atrazine removal by OH● radicals. This can be explained in terms of the number 
of OH● radicals available to react with atrazine being less because they are 
consumed by NOM molecules, which is consistent with previous suggestions 
related to effect of NOM in the presence of TiO2 on atrazine removal by UVC 
irradiation (section 3.2.1).   
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(A)                                                           (B) 
Figure 3-21: Atrazine removal by UVB radiation in the presence of TiO2 for 
initial atrazine concentration of 5 mg/L, (A) NOM-free water and 
(B) NOM-rich water (15 mg/L) [♦ TiO2 free, ■ 25 mg/L TiO2 and 
▲ 125 mg/L TiO2] 
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The effect of the presence of NOM at 5 and 15 mg/L on the removal of atrazine 
was evaluated at 25 mg/L TiO2 (Figure 3-22). After 60 minutes, 47% of atrazine 
was removed from NOM-free water, 42% from 5 mg/L NOM-rich water and about 
35% from 15 mg/L NOM-rich water. Similar adverse effects for the presence of 
NOM on atrazine removal by UVB were also observed in the presence of a 
higher TiO2 concentration (125 mg/L) as shown in Figure 3-23). For example, 
after 300 minutes of UVB irradiation, atrazine was reduced by more than 60% in 
NOM-free water compared with 50% and 40% in NOM-rich (5 mg/L and 15 mg/L) 
water, respectively. These results indicate that the positive effect of the presence 
of the OH● radicals on atrazine breakdown did not over balance the negative 
screening effect of NOM on the absorbance of UVB irradiation by atrazine (i.e. on 
the photolysis of atrazine).   
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Figure 3-22: Atrazine removal from NOM-free and NOM-rich water in the 
presence of TiO2 (25 mg/L) by UVB radiation, (Co (atrazine) = 5 
mg/L) 
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Figure 3-23: Atrazine removal from NOM-free and NOM-rich water in the 
presence of TiO2 (125 mg/L) by UVB radiation, (Co (atrazine) = 
5 mg/L)  
 
The negative impact of the presence of NOM on atrazine removal for UVB was 
less significant than that for UVC irradiation, atrazine removal decreased by 10% 
in 15 mg/L NOM-rich water when treated by UVB/ TiO2 irradiation (3-21B) 
compared to 20% for the same conditions using UVC/ TiO2 irradiation (3-19B), 
which is due to the higher absorbance of TiO2 by UVB than UVC irradiation, also 
NOM has higher absorbance by UVC irradiation at 254 nm.    
 
Figure 3-24 shows that the in the presence of TiO2 (25 mg/L) the proportion of 
NOM removed, as indicated by decrease in absorbance at 254 nm, is 
proportional to NOM concentration  of the same level of NOM removed in the 
absence of TiO2 shown in figure 3-15. This suggests low proportion of NOM 
molecules reacted with the OH● radicals, In other words TiO2 has insignificant 
effect on NOM removal.  
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Figure 3-24: Absorbance at 254 nm for atrazine at 5 mg/L in NOM-free and 
NOM-rich water in the presence of TiO2 at 25 mg/L during 
UVB irradiation   
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3.2.3 UVA/TiO2 Photocatalysis of Atrazine  
 
In the presence of 25 mg/L TiO2 UVA photooxidation of atrazine in NOM-free 
water showed lower atrazine removal than in NOM-rich water (Figure 3-25).  For 
example, after 60 and 120 minutes of irradiation atrazine removal was 18% and 
22% in NOM-free water, 22% and 30% in 5 mg/L NOM-rich water and 30% and 
35% in 15 mg/L NOM-rich water. A similar trend was observed at a higher 
concentration of TiO2 (125 mg/L) as shown in Figure 3-26. This trend is 
consistent with atrazine removal during UVA irradiation in the absence of the 
phtocatalyst TiO2 (section 3.1.5.).  As discussed in section3.1.5, the enhanced 
atrazine breakdown in the presence of NOM when irradiated by UVA can be 
attributed to the photosensitising effect of the NOM molecules under these 
conditions. Similarly, Pelizzetti et al. (1990) reported that atrazine removal by 
solar irradiation (which includes UVA radiation) increased in the presence of 
NOM or humic acid.  For example, they found that 20 minutes of irradiation was 
required to remove 0.002 mg/L atrazine from water in the presence of 100 mg/L 
TiO2, whereas 15 minutes were required at the higher concentration of TiO2 at 
2000 mg/L.  
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Figure 3-25: Atrazine removal in NOM-free and NOM-rich water in the 
presence of TiO2 (25 mg/L) during UVA radiation, (Co (atrazine) 
= 5 mg/L) 
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Figure 3-26: Atrazine removal in NOM-free and NOM-rich water in the 
presence of TiO2 (125 mg/L) during UVA radiation, (Co 
(atrazine) = 5 mg/L) 
 
Furthermore, it was observed that atrazine removal increased with increased 
TiO2 concentration for UVA irradiation (Figure 3-27). The presence of 25 and 125 
mg/L TiO2 increased atrazine removal by approximately 18% and 25-30%, 
respectively, compared with that in the absence of TiO2 for initial atrazine 
concentration of 5 mg/L after 60 minutes treatment (Figure 3-27).   
 
As discussed in the previous sections, TiO2 at the concentration of 125 mg/L 
acted as a shield to UV absorbance and led to adverse effects on atrazine 
degradation for both UVC and UVB irradiation. However, the same TiO2 
concentration led to increased atrazine degradation in the case of UVA 
irradiation.  The photocatalyst TiO2 absorbs photons with energy equal or higher 
than its band gap energy (λ less than 385 nm), which is within the UVA range 
(Pelizzetti et al., 1990; Parra et al., 2000). An absorbance spectrum of a 
suspension of TiO2 (25 mg/L) is shown in Figure 3-28. The maximum absorbance 
within the range 200-400 nm was 2.403 at 385 nm. This means that TiO2 will 
produce the highest level of OH● radicals when irradiated by UVA.. This can 
explain the trend observed at high TiO2 for UVA irradiation and indicate that the 
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enhanced atrazine removal observed at TiO2 concentration of 125 mg/L due to 
presence of OH● radicals overbalanced the shielding effect of TiO2 particles.  
 
The results obtained for UVA irradiation suggest that for this wavelength range 
oxidation by OH● radical is the dominant degradation mechanism for both 
atrazine and NOM molecules. The poor results obtained in the absence of TiO2 
especially in NOM-free water, for UVA irradiated water samples, is an indication 
that direct photolysis role in atrazine removal is limited due to its low absorptivity 
for 320-400 nm wavelengths.   
 
0
1
2
3
4
5
6
0 60 120 180 240 300 360
Time (mins)
A
tr
a
z
in
e
 c
o
n
c
. 
(m
g
/L
)
TiO2 free 25ppm TiO2 125ppm TiO2
 
0
1
2
3
4
5
6
0 60 120 180 240 300 360
Time (mins)
A
tr
a
z
in
e
 c
o
n
c
. 
(m
g
/L
)
TiO2 free 25ppm TiO2 125ppm TiO2
 
  (A)                                                           (B) 
Figure 3-27: Atrazine removal by UVA radiation in the presence of TiO2 for 
initial atrazine concentration of 5 mg/L, (A) NOM-free water 
and (B) NOM-rich water (15 mg/L) [♦ TiO2 free, ■ 25 mg/L 
TiO2 and ▲ 125 mg/L TiO2] 
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Figure 3-28: Absorbance spectrum of TiO2 (25 mg/L) in pure water 
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Figure 3-29: Absorbance at 254 nm of atrazine at 5 mg/L in NOM-free and 
NOM-rich water in the presence of TiO2 at 25 mg/L during 
UVA irradiation 
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A summary of the results of the photocatalysis tests (Table 3-3) show that the 
presence of 25 mg/L TiO2 increased atrazine photooxidation for all UV irradiation 
ranges (UVC, UVB and UVA) both for NOM-free and NOM-rich water. For 
example, a dose of 25 mg/L TiO2 increased atrazine removal by 5-12%, 10-30% 
and 4-20% for UVC, UVB and UVA respectively.  
 
Table 3-2: Summary of atrazine removal in the presence of 25 and 125 mg/L 
TiO2 for UVC, UVB and UVA irradiation for initial atrazine concentration of 5 mg/L 
UV 
conditions  
NOM-free water 
Atrazine removal  
5 mg/L NOM-rich 
water   
Atrazine removal  
15 mg/L NOM-rich 
water   
Atrazine removal  
 during 
mid* of 
treatment 
At the 
end** of 
treatment 
during 
mid* of 
treatment 
At the 
end** of 
treatment 
during 
mid* of 
treatment 
At the 
end** of 
treatment 
UVC, no 
TiO2 
74 95 67 86 55 78 
UVC, 25 
mg/L TiO2 
83 100 75 93 67 84 
UVC125, 
mg/L TiO2 
50 77.5 45 70 38 67 
UVB, no 
TiO2 
24 32 22 30 20 27 
UVB, 25 
mg/L TiO2 
47 70 42 61 35 53 
UVB, 125 
mg/L TiO2 
20 63 18 50 15 41 
UVA, no 
TiO2 
7 11 20 30 26 35 
UVA,  25 
mg/L TiO2 
17 39 24 46 30 54 
UVA, 125 
TiO2 
15 44 20 52 28 60 
 
*During the middle of treatment is after 30 minutes for UVC irradiation and after 60 minutes for UVB and UVA irradiation  
** The end of treatment is after 60 minutes for UVC irradiation and after 300 minutes for UVB and UVA irradiation  
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Different UV wavelength ranges have different intensity (see table 2-2). The UV 
dose (J/cm2) is the amount of energy that travels through a unit area (i.e. 
Intensity Io) at a certain irradiation time, therefore, atrazine removal by UVA, UVB 
and UVC irradiation was compared for different UV doses. 
 
The energy inputs (UV-dose of brand new lamps) after 60 minutes of irradiation 
are 9.0, 6.4 and 4.5 J/cm2 (Table 2-2) for UVC, UVB and UVA radiation, 
respectively, with UVC : UVB : UVA ratio of (1.0 : 0.71 : 0.50).  However, atrazine 
removal by UVC irradiation was 95% compared with 24% and 7% for UVB 
irradiation in NOM-free water and in the absence TiO2 after 60 minutes of 
irradiation (Table 3-2), the ratio of UVC : UVB : UVA is (1.0 : 0.25 : 0.075). 
 
Under the same conditions above, but in the presence of 25 mg/L of TiO2, the 
achieved atrazine removal was 100% for UVC irradiation compared with 47% 
and 17% for UVB and UVA, respectively (Table 3-2). The ratio of UVC : UVB : 
UVA achieved is (1.0 : 0.47 : 0.17).  Meanwhile, increased concentration of TiO2 
to 125 mg/L under the same previous conditions resulted in atrazine removal by 
77.5% for UVC irradiation compared with 20% and 15% times for UVB and UVA, 
respectively (Table 3-2). UVC : UVB : UVA ratio is (1.0 : 0.26 : 0.2). It can be 
observed that atrazine removal by UVC is more effective than by UVB and UVA 
irradiation in term of UV-dose under the conditions tested.  
 
As the presence of NOM has a negative effect on atrazine removal by UVC and 
UVB irradiation, therefore atrazine removal by UVA radiation could perform better 
in term of UV dose. In the presence of 15 mg/L, atrazine removal by UVC 
irradiation was 84% compared with 35% and 30% for UVB and UVA, respectively 
in the presence of 25 mg/L TiO2 after 60 minutes of irradiation (Table 3-2), 
obtaining UVC : UVB : UVA ratio of (1.0 : 0.41 : 0.36).   
 
It is clearly that UVC irradiation more effective than UVB and UVA irradiation for 
atrazine removal in term of energy output, under the conditions tested. Also, it 
can be observed that atrazine removal in the presence of TiO2 is more effective 
using UVA irradiation than UVB in NOM-rich water.   
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3.3 FORMATION OF ATRAZINE BY-PRODUCTS  
 
3.3.1 TOC for UVC, UVB and UVA Treated Samples 
 
Total organic carbon (TOC) analysis was performed for atrazine samples 
subjected to UVC, UVB and UVA radiation. TOC concentration of atrazine 
solution (5 mg/L of atrazine in NOM-free water) was reduced by 20% when 
irradiated by UVC for 120 minutes (Table 3-4).  However, total atrazine removal 
was achieved within this time (Figures 3-9, 3-10, 3-11), which suggests that the 
decrease in atrazine concentration was due to atrazine breakdown to other 
molecules (by-products) rather than to complete mineralisation.  These by-
products exert a TOC that is less than that for atrazine at the initial concentration.  
 
The presence of NOM decreased the TOC removal by 2.7% in water containing 
5 mg/L and by 6.3% in water containing 15 mg/L NOM (Table 3-3). A similar 
trend was observed for UVB irradiated atrazine solution, although the adverse 
effect of NOM was less pronounced compared to that for UVC (Table 3-3). The 
negative impact on TOC removal could be attributed to NOM screening of the UV 
radiation which results in decreased atrazine removal (as discussed in previous 
sections).  
 
Table 3-3: TOC concentrations after UVC and UVB photooxidation of atrazine (5 
mg/L) in NOM-free and NOM-rich water. 
 TOC removal at the 
end of UVC treatment* 
TOC removal at the 
end of UVB 
treatment** 
NOM-free water 20% 6.7% 
NOM-rich water 
(5 mg/L) 
17.3% 4.7% 
NOM-rich water 
(15 mg/L) 
13.7% 3.7% 
            
           *UVC treatment duration is 180 minutes   ** UVB treatment duration is 300 minutes  
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For atrazine in NOM-free water, in the presence of TiO2, TOC removal by UVC 
was higher than that by UVB irradiation, (Table 3-5)., although atrazine removal 
in the presence of 25 mg/L TiO2 increased compared with that in the absence of 
TiO2 for both UVC and UVB irradiated samples, TOC removal did not reflect such 
improvement. For example, for UVC irradiation more than 10% increase in 
atrazine removal was obtained both in NOM-free and NOM-rich (5 mg/L) water 
(Table 3-3); but TOC removal only increased by 3.7% for NOM-free water and by 
4.7% in NOM-rich water (5 mg/L). Similarly for UVB irradiation the presence of 25 
mg/L TiO2 increased atrazine removal by 20-30% both in NOM-free water and 
NOM-rich (15 mg/L) water, but the increase in TOC removal was limited to 2.6 
and 4.2% in NOM-free and NOM-rich (15 mg/L) water, respectively. As 
discussed above these trends suggest that atrazine removal due to reaction with 
OH● radicals was not due to complete mineralisation of atrazine, but to 
breakdown of atrazine into other by-products.  The adverse affect of NOM on 
TOC removal by UVC and UVB irradiation also appeared in the presence of TiO2. 
As shown in Table 3-4, TOC removal decreased from 23.7% to 19.8% by UVC 
radiation in NOM-rich (15 mg/L) water and from 9.3% to 7.9% by UVB radiation 
under the same conditions.   
 
TOC removal decreased both for UVC and UVB irradiated samples when TiO2 
was present at 125 mg/L compared with that at 25 mg/L. On the contrary the 
TOC removal obtained using UVA irradiation increased with increased 
concentration of TiO2. For example, in NOM-free water TOC removal increased 
from 2.9% (Table 3-4) to 5.8% (Table 3-5). In addition, the presence of NOM has 
a small positive impact on TOC removal using UVA radiation.  These results can 
be attributed to the high absorptivity of TiO2 to UVA wavelengths resulting in 
increased generation of OH● radicals, and consequently to increased breakdown 
of atrazine and UVA-absorbing fraction of NOM. While the positive impact of 
NOM can be explained in terms of the photosensitising effect of NOM when 
irradiated by UVA, which was found to increased atrazine removal (as discussed 
in section 3.1.5).  
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Table 3-4: TOC concentrations before and after UVC, UVB and UVA 
photooxidation of atrazine (5 mg/L) in NOM-free and NOM-rich waters in the 
presence of 25 mg/L TiO2. 
 
* Initial TOC concentration is at the start of all UV irradiation 
** The end of the treatment is 120 minutes for UVC and 240 minutes for UVB and UVA 
 
 
 
 
 
UV irradiation Water 
conditions 
TOC initial 
conc. (mg/L)* 
TOC conc. 
(mg/L) at the 
end of the 
treatment** 
TOC 
reduction 
(%) 
NOM-free water 
 
27.5 21 23.7% 
NOM-rich water 
(5 mg/L) 
33 25.6 22% 
 
 
UVC 
irradiation 
NOM-rich water 
(15 mg/L) 
41.7 33.4 19.8% 
NOM-free water 
 
28 25.4 9.3% 
NOM-rich water 
(5 mg/L) 
31.6 28.8 8.8% 
 
 
UVB 
irradiation 
 NOM-rich water 
(15 mg/L) 
41.4 38.1 7.9% 
NOM-free water 
 
27.8 27 2.9% 
NOM-rich water 
(5 mg/L) 
32.2 30.4 5.9% 
 
 
UVA 
irradiation 
NOM-rich water 
(15 mg/L) 
41 36.5 11% 
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Table 3-5: TOC concentrations before and after UVC, UVB and UVA photo-
oxidation of atrazine (5 mg/L) samples in NOM-free and NOM-rich waters in the 
presence of 125 mg/L TiO2. 
 
* Initial TOC concentration is at 0 minutes of UV irradiation 
** The end of the treatment is 120 minutes for UVC and 240 minutes for UVB and UVA 
 
 
 
 
 
 
UV irradiation Water 
conditions 
TOC initial 
conc. (mg/L)* 
TOC conc. 
(mg/L) by the 
end of the 
treatment** 
TOC 
reduction 
(%) 
NOM-free water 
 
36 30 17% 
NOM-rich water 
(5 mg/L) 
40.5 35 13.6% 
 
 
UVC 
irradiation 
NOM-rich water 
(15 mg/L) 
50.2 45.8 10.1% 
NOM-free water 
 
36.6 34.4 6.1% 
NOM-rich water 
(5 mg/L) 
41 38.8 5.3% 
 
 
UVB 
irradiation 
 NOM-rich water 
(15mg/L) 
50.3 48.2 4.1% 
NOM-free water 
 
36.1 34 5.8% 
NOM-rich water 
(5 mg/L) 
40.6 37.4 8% 
 
 
UVA 
irradiation 
NOM-rich water 
(15 mg/L) 
50.1 43.7 12.8% 
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The results suggest that treatment using UVC or UVB radiation processes under 
the conditions tested is insufficient for complete TOC removal treatment as the 
maximum removal obtained was less than 25% using UVC and less than 10% 
using UVB radiation. This is not the case if only atrazine concentration was the 
basis of assessment because 100% atrazine removal in less than 120 minutes 
was observed under some of the conditions tested. This poor TOC removal is 
likely due to the formation of the atrazine degradation products DEA and DIA. 
Similar findings were obtained by Parra et al. (1999), where TOC measurement 
indicated a very slow mineralization rate of different herbicides, after 2 hours of 
UV/TiO2 treatment TOC was reduced by less than 10%. Therefore, further 
development of these processes to achieve complete mineralization of atrazine 
and NOM is required. In the mean time processes capable of removal of 
oxidation by-products need to identified and characterised.  
 
The formation of atrazine by-products as indicated by the appearance of new 
peaks in the HPLC analysis chromatograms during UV radiation at the different 
conditions tested is discussed in the following section. 
 
 
 
3.3.2 Atrazine Degradation Products 
 
Identification of the atrazine degradation products formed during UV 
photooxidation of atrazine was not in the scope of this study. However, formation 
of by-products was recognized during the analysis of atrazine by HPLC, where 
chromatograms showed a simultaneous decrease in atrazine concentration and 
formation of by-products for UVC, UVB and UVA irradiated water samples.  
 
The chromatograms for atrazine (10 mg/L) degradation in NOM-free water show 
the formation of by-products (Figure 3-30). Atrazine concentration decreased 
during UVC irradiation such that no trace of atrazine was detected after 180 
minutes (Figure 3-30 D). Meanwhile, atrazine degradation by-products started to 
appear clearly after 30 minutes of photooxidation (Figure 3-30 B) and continued 
to increase over the duration of the treatment period.  
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The findings reported by Torrent et al. (1997), Beltran et al. (1993) and Hequet et 
al. (1993) were discussed in details the formation of atrazine by-products (section 
1.3.5). Based on these findings and the results obtained in this study, atrazine 
by-products detected as indicated by the HPLC chromatogram are for DEA and 
DIA.   
 
The chromatograms shown in Figures (3-30 and 3-310 are for initial atrazine 
concentration of 10 mg/L and for UVC photodegradation since they more clearly 
demonstrated the decrease in the concentration of atrazine and the increase in 
the concentration of degradation products. 
 
In the presence of NOM, it was observed that the concentration of UV-absorbing 
NOM (detected at 0.94 minutes) decreased slowly during the irradiation period 
(Figure 3-31). Atrazine degradation by-products appeared during the first 30 
minutes, although at a lower level, compared with that in the absence of NOM 
and continued to form at a slow rate until atrazine had disappeared (Figure 3-33). 
These results support previous suggestions that the slow removal of atrazine and 
NOM after 30 minutes of UVC irradiation can be attributed to the UV screening 
effect of the atrazine degradation by-products. The presence of the NOM (15 
mg/L) also contributed to the lower rate of atrazine breakdown and by-products 
formation due to its attenuation effect on the UVC radiation. The formation of 
atrazine by-products during photooxidation by UVC (Figures 3-32 and 3-33) are 
likely to be the main reason behind the poor removal of TOC (Table 3-4) 
discussed previously.  Another possibility is the formation of NOM by-products 
that were not clearly detected at the HPLC test conditions used for atrazine 
analysis (i.e. small peaks that are shown at the HPLC chromatogram in Figure 3-
32).  
 
The results shown in Figures 3-30 and 3-31 correlate with the results obtained for 
TOC removal (Table 3-4). For example, although atrazine was totally degraded in 
water after 180 minutes, TOC were reduced by only 25%. The formation of 
atrazine by-products during photooxidation is likely to be the main reason behind 
the poor removal of TOC (discussed in previous the section). 
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(A) At 0 minutes   
 
(B) At 30 minutes  
 
(C) At 60 minutes    
 
(D) At 180 minutes  
 
Figure 3-30: Atrazine (detected at 2.10 minutes) removal and by-products 
formation (at 30, 60 and 180 minutes) in NOM-free water by UVC 
irradiation as shown in HPLC chromatogram.  
                     (Co (atrazine) =10 mg/L) 
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(A) At 0 minutes 
  
 
(B) At 30 minutes  
 
 
(C) At 150 minutes  
 
Figure 3-31: Atrazine (detected at 2.03-2.08 minutes) removal and by-products 
formation in NOM-rich water (15 mg/L) during UVC irradiation as 
shown in HPLC chromatogram.  
                     (Co (atrazine) =10 mg/L) 
 
 
  
86
0
20000
40000
60000
80000
100000
120000
140000
160000
0 30 60 90 120 150 180 210
Time (mins)
C
h
ro
m
a
to
g
ra
m
s
 b
y
 H
P
L
C
 (
a
re
a
 u
n
it
)
Atrazine By-product 1 By-product 2
 
Figure 3-32: Formation of atrazine by-products in NOM-free water by UVC 
irradiation (Co (atrazine) = 5 mg/L)    
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Figure 3-33: Formation of atrazine by-products in NOM-rich water (15 
mg/L) by UVC irradiation (Co (atrazine) = 10 mg/L).   
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Figure 3-34 shows atrazine removal (at 10 mg/L) by UVB irradiation in NOM-free 
water; it can be observed that atrazine removal was lower than that for UVC, a 
trend conforming to low atrazine absorptivity for UVB irradiation. As a result, 
atrazine degradation by-products formed at low rate showing a slight increase 
during 5 hours of UVB irradiation.  Atrazine by-product 2 was not detected for 
water samples irradiated with UVB. These results can explain the poor TOC 
removal by UVB, where the low TOC removal due to the low atrazine breakdown 
was compensated by an increase in TOC due to that exerted by formation of 
atrazine by-product 1.   
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Figure 3-34: Formation of atrazine by-product in NOM-free water by 
UVB irradiation (Co (atrazine) = 10 mg/L)    
 
Figure 3-35 shows chromatograms of atrazine (5 mg/L) removal by UVC 
irradiation in NOM-free water in the presence 25 mg/L TiO2. It can be observed 
that atrazine peak decreased significantly while atrazine by-products formed 
within 30 minutes of irradiation (Figure 3-35 B and C). Within 60 minutes of the 
treatment no atrazine was detected by the HPLC, also atrazine by-products 
peaks decreased (Figure 3-35 D), which support previous suggestions that in the 
presence of TiO2  OH●  radicals react with the by-products and NOM molecules in 
addition to atrazine molecules .      
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(A) At 0 minutes 
 
 
 
(B) At 15 minutes 
 
 
      
(C) At 30 minutes 
 
 
         
(D) At 60 minutes 
 
Figure 3-35: Atrazine (5 mg/L) (detected at 2.03-2.08 minutes) removal and by-
products formation (at 15, 30 and 60 minutes) in NOM-free water in 
the presence of TiO2 (25 mg/L) by UVC irradiation as shown in 
HPLC chromatogram           
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3.3.3 COD and BOD Measurements for Atrazine in NOM-free Water and NOM-
rich Water Treated by UVC, UVB and UVA radiation 
 
To gain more knowledge of the degradation process of atrazine under the 
different conditions tested, analysis of COD and BOD was conducted. A variety 
of organic compounds are usually present in surface water, the presence of 
these compounds is usually measured collectively using water quality 
parameters such as total organic carbon (TOC), biochemical oxygen demand 
(BOD) or chemical oxygen demand (COD). The aim of carrying out these 
analyses is to investigate how the UV processes may affect the biodegradability 
of the water samples.  For example, a decrease in the ratio of COD to BOD is an 
indicator of enhanced in the biodegradability of the sample constituents during 
treatment.  
 
 
3.3.3.1 COD Measurements during UVC, UVB and UVA Irradiation 
 
COD is a measure of the oxygen equivalent of the organic matter in a water 
sample that is susceptible to oxidation by a strong chemical oxidant. The 
concentrations of COD observed in surface waters range from 20 mg/L or less in 
unpolluted water to greater than 200 mg/L in waters receiving effluents. Industrial 
wastewater may have COD values ranging from 10 to 60,000 mg/L.  
 
COD measurements were conducted for all UV/TiO2 treated samples as the 
highest atrazine removal under the conditions tested in this study was achieved 
in the presence TiO2. Figure 3-36 shows the reduction of COD in atrazine 
samples subjected to UVC irradiation. For atrazine in NOM-free water complete 
degradation of atrazine was reflected in a reduction of COD from 250 mg/L to 
226 mg/L. This low removal could be attributed to the formation of atrazine by-
products and some subsequent mineralization of these.  
 
The presence of NOM had a negative impact on COD reduction, only 17 and 12 
mg/L COD was removed from NOM-rich water at 5 and 15 mg/L NOM, 
respectively, compared with 25 mg/L from NOM-free water, after 120 minutes of 
UVC irradiation. These trends correlate with atrazine and TOC removal as 
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discussed in sections 3.3.1 and indicate that the COD of the atrazine solution is 
exerted mainly by atrazine. Hence, the decrease of COD in this situation is a 
measure of atrazine removal and the adverse effect of the presence on NOM on 
COD indicate a lower atrazine removal (due to the screening effect of NOM) or 
indicate a net decrease in the COD exerted by atrazine and its by-products. In 
other words more analysis is required to assess the biodegradability of atrazine 
by-products. 
 
It has been shown that atrazine degradation using UVB and UVA photooxidation 
is slower and less efficient than UVC. Measurements of COD concentrations 
showed small reductions, where only 16 and 12 mg/L of COD was removed from 
NOM-free water, after 240 minutes, using UVB and UVA radiation (Figures 3-37 
and 3-38), respectively, compared with 24 mg/L removal by UVC irradiation 
(Figure 3-36).  
 
The presence of NOM had a negative impact on COD removal by UVB; for 
example in NOM-rich water (15 mg/L) COD removal was reduced by 11 mg/L 
(Figure 3-37). However, for UVA irradiation it was reduced by 15 mg/L as the 
presence of NOM increased atrazine degradation by UVA (Figure 3-38). COD 
removal by UVB and UVA irradiation is lower than by UVC due to the lower 
degradation of atrazine which was discussed in previous sections.   
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Figure 3-36: COD concentration for atrazine at different background 
NOM levels during UVC/TiO2 treatment (Co (atrazine) = 5 
mg/L, TiO2 = 25 mg/L) 
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Figure 3-37: COD concentration for atrazine at different background 
NOM levels during UVB/TiO2 treatment (Co (atrazine) = 5 
mg/L, TiO2 = 25 mg/L) 
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Figure 3-38: COD concentration for atrazine at different background 
NOM levels during UVA/TiO2 treatment (Co (atrazine) = 5 
mg/L, TiO2 = 25 mg/L) 
 
When the TiO2 concentration was increased to 125 mg/L low reduction of COD 
for atrazine samples treated using UVC was obtained. The COD decreased by 
19 mg/L in NOM-free water and 10 mg/L in NOM-rich water (15 mg/L) after 85 
minutes of UVC irradiation, as shown in Figure 3-39. It can be observed again 
that COD reduction in water by UVC irradiation is mainly related to atrazine 
removal, and the presence of NOM has an adverse effect on the reduction of 
COD values and on atrazine concentrations. 
 
COD removal in atrazine samples in the presence of 125 mg/L TiO2 was lower 
for UVB and UVA. Figure 3-40 shows that the COD was decreased from 286 to 
277 mg/L in NOM-rich water and from 255 to 242 mg/L in NOM-free water by 
UVB irradiation for 240 minutes. Similar results were obtained for atrazine 
photooxidation by UVA as shown in Figure 3-41. COD reduction was increased 
from 14 mg/L in NOM-free to 17 mg/L in NOM-rich (15 mg/L) water due to the 
photosensitiser role played by NOM molecules in increasing atrazine removal.   
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Figure 3-39: COD concentration for atrazine at different background 
NOM levels during UVC/TiO2 treatment (Co (atrazine) = 5 
mg/L, TiO2 = 125 mg/L) 
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Figure 3-40:  COD concentration for atrazine at different background 
NOM levels during UVB/TiO2 treatment (Co (atrazine) = 5 
mg/L, TiO2 = 125 mg/L) 
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Figure 3-41: COD concentration for atrazine at different background 
NOM levels during UVA/TiO2 treatment (Co (atrazine) = 5 
mg/L, TiO2 = 125 mg/L) 
 
It can be observed from the COD tests that the reduction of COD concentrations 
in NOM-free water is higher than in NOM-rich water for UVC and UVB radiation 
because there was no screening of the atrazine by NOM molecules. However, for 
UVA irradiation COD reduction increased with the presence of NOM as atrazine 
breakdown increased. 
 
Increasing the TiO2 concentration decreased COD reduction as well as atrazine 
removal by UVC and UVB as a result of the shielding effect of the TiO2 particles.  
In contrast, for UVA irradiated samples, COD reduction increased slightly when 
TiO2 concentration increased from 25 to 125 mg/L as atrazine removal was 
slightly increased. 
 
Out of all systems tested, the maximum COD reduction was achieved by UVC 
irradiation in NOM-free water in the presence of 25 mg/L TiO2 when COD 
deceased from 250 to 225 mg/L (10%) as it is shown in Table (3-6). This poor 
reduction of COD is due to the formation of atrazine and NOM degradation 
products.  
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Table 3-6: Summary of COD concentrations before and after of atrazine 
irradiated solutions (5 mg/L) by UVA, UVB and UVC in the presence of TiO2 (at 
25 and 125 mg/L) in different water conditions. 
UV 
conditions  
NOM-free water 
COD concentration 
(mg/L)  
5 mg/L NOM-rich 
COD concentration 
(mg/L)   
15 mg/L NOM-rich 
COD concentration 
(mg/L) 
 At the 
start* of 
treatment 
At the 
end** of 
treatment 
At the 
start* of 
treatment 
At the 
end** of 
treatment 
At the 
start* of 
treatment 
At the 
end** of 
treatment 
UVC, no 
TiO2 
N/T*** N/T*** N/T*** N/T*** N/T*** N/T*** 
UVC, 25 
mg/L TiO2 
250 227 255 238 270 258 
UVC125, 
mg/L TiO2 
255 231 265 254 285 272 
UVB, no 
TiO2 
N/T*** N/T*** N/T*** N/T*** N/T*** N/T*** 
UVB, 25 
mg/L TiO2 
246 230 255 240 272 260 
UVB, 125 
mg/L TiO2 
255 242 265 254 286 277 
UVA, no 
TiO2 
N/T*** N/T*** N/T*** N/T*** N/T*** N/T*** 
UVA,  25 
mg/L TiO2 
248 236 254 242 270 255 
UVA, 125 
TiO2 
254 240 265 250 287 270 
 
* The start of treatment at 0 minutes 
** The end of treatment is 120 minutes for UVC irradiation and 240 minutes for UVB and UVA irradiation 
*** N/T is not tested 
 
 
 
 
 
  
96
3.3.3.2 BOD Removal during UVC, UVB and UVA Irradiation 
 
The BOD for atrazine in NOM-rich water in the presence of 25 mg/L TiO2 
decreased after exposure to UVC, UVB and UVA radiation (Table 3-7). A BOD 
removal of 34% was achieved after 30 minutes of UVC irradiated samples. A 
slight increase in BOD values with further UVC irradiation suggests that small 
amount of non-biodegradable by-products may have formed. However, there is 
not enough data to verify this suggestion trend. A lower BOD removal of 11% 
was obtained for UVB and UVA. These results are consistent with atrazine 
degradation trends observed for UVC, UVB and UVA. 
 
A similar trend and level of BOD removal was obtained at the higher TiO2 
concentration of 125 mg/L (Table 3-8). UVC treated samples showed the highest 
BOD removal at 21% whereas 6% where achieved for both UVB and UVA within 
120 minutes of treatment. 
 
It is noticed that for UVC irradiated samples almost all the amount of BOD 
removal in the presence of 25 mg/L TiO2 (Table 3-7) occurred within the first 30 
minutes which is resembles the trend observed for atrazine breakdown under the 
same conditions (Figure 3-19). In addition only 16% of BOD removal occurred 
within the first 30 minutes of treatment in the presence of higher TiO2 
concentration of 125 mg/L, which also resembles the lower atrazine degradation 
observed under the same conditions (Figure 3-19). This indicates that BOD 
removal achieved is concurrent with, but not proportional to, atrazine removal.     
 
Table 3-7: BOD for atrazine (5 mg/L) in NOM-rich water (15 mg/L) in the 
presence of 25 mg/L TiO2 irradiated with UVC, UVB or UVA for 30, 120 and 240 
minutes.  
BOD (mg/L)   
 
Radiation type 
0 
min 
30 
min 
120 
min 
240 
min 
UVC  180 120 130 N/T* 
UVB 180 N/T* 170 160 
UVA 180 N/T* 170 160 
        * N/T:  not tested. 
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Table 3-8: BOD for atrazine (5 mg/L) in NOM-rich water (15 mg/L) in the 
presence of 125 mg/L TiO2 irradiated with UVC, UVB or UVA for 30, 120 and 240 
minutes. 
BOD (mg/L)   
 
Radiation type 
0 
min 
30 
min 
120 
min 
240 
min 
UVC  190 160 150 N/T* 
UVB 190 N/T* 180 170 
UVA 190 N/T* 180 170 
        * N/T: not tested. 
 
Similar results of BOD removal by UVC, UVB and UVA radiation in NOM 
samples were reported by Parkinson et al. (2003). They achieved that BOD 
removal in NOM samples was higher for UVC > UVB > UVA.  
 
Although varying values of TOC, BOD and COD removal was observed for UVC, 
UVB and UVA irradiated samples, in the presence of NOM and TiO2, the level of 
removal was not consistent with that observed for atrazine. For example, 
complete degradation of atrazine by UVC irradiation (Section 3.2.1) did not lead 
to complete removal of TOC, BOD and COD as it is shown in Table 3-9. The 
ratio of BOD to COD slightly decreased for UVB and UVA treated sampled 
suggesting that the net effect of UV irradiation was slight removal of 
biodegradable compounds (i.e. atrazine and NOM). However, for UVC irradiated 
samples the degradation of biodegradable compounds was higher, reducing the 
BOD/COD ratio from 0.667 to 0.448. These results can be explained in terms of 
the formation of non-biodegradable by-products. TOC values are better 
indications for organic pollutants concentrations compared with COD and BOD. 
For the complex organic compound containing ring structure, COD may not be a 
good parameter. For toxic organic compound, BOF may not be a good 
parameter. 
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Table 3-9: Summary of TOC, COD and BOD values for atrazine (5 mg/L) in 
NOM-rich water (15 mg/L) treated using UVA, UVB and UVC irradiation in the 
presence 25 mg/L of TiO2. 
        Irradiation Time  
Parameter           
Beginning* 
of treatment 
30 minutes End** of the 
treatment 
TOC (mg/L) 41.7  N/T 33.4  
BOD (mg/L) 180  120  130  
COD (mg/L) 270  268  258  
 
UVC 
BOD/COD 0.667 0.448 0.504 
TOC (mg/L) 41.4  N/T 38.1 
BOD (mg/L) 180  N/T 160 
COD (mg/L) 272  270  260  
 
UVB 
BOD/COD 0.662 N/T 0.615 
TOC (mg/L) 41  N/T 36.5 
BOD (mg/L) 180  N/T 160  
COD (mg/L) 270  269  255  
 
UVA 
BOD/COD 0.667 N/T 0.627 
 
         * Beginning of treatment is 0.0 minutes for UVC, UVB and UVA. 
         ** End of treatment at 120 minutes for UVC and 240 minutes for UVB and UVA. 
 
The BOD/COD ratio obtained in this study for treated samples varied between 
0.45 and 0.64 (Table 3-9). These values are in agreement with the results 
obtained by Parra et al. (1999) for UV and UV/TiO2 treated herbicides 
(metobromuron and isoproturon) samples. They reported ratios of up to 0.65 for 
isoproturon samples treated by photooxidation. Their results showed a decrease 
in toxicity and increase in biodegradability of the treated solution suggesting that 
a biological processes following photooxidation could be an effective treatment.   
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3.4  NITRITE FORMATION  
 
Atrazine molecule (C8 H14 Cl N5) contains nitrogen, which forms a potential 
source of nitrite formation. When Nitrites are present in drinking water they cause 
a health risk for animals and human, in particular infants (section 1.3.4). 
Therefore, it is essential to assess nitrite formation rates during UV irradiation 
treatment and determine whether it will exceed the MCL for nitrite.   
 
Figure 3-42 shows that in the presence of NOM, nitrite concentration increased 
with continued UVC irradiation, indicating that atrazine or NOM compounds 
containing nitrogen are being mineralised. Nitrite concentration reached a 
plateau at a time that coincided with plateau for atrazine degradation.   
 
For irradiated atrazine in NOM-free water nitrite concentration reached a 
maximum, then decreased to the initial concentration. Nitrite reached a peak 
concentration of 0.005 mg/L after 60 minutes of UVC photooxidation (coincides 
with 90% of atrazine breakdown, Figure 3-10) after which it decreased to 0.003 
mg/L, the initial concentration (Figure 3-42). In the absence of NOM the nitrite 
formed (reaction 1-24 and 3-1) was removed from solution via a reaction with the 
hydronium ion and the OH● radical (3-2) forming HNO3, which then dissociates to 
nitrate and hydrogen ion (Beltran et al., 1993; Von Sonntag et al., 1993). This 
can explain why nitrite concentration reached a maximum then decreased to the 
initial concentration. 
 
+−−− ++→+ HNONOOHNO 22 3222                                            (3-1) 
−+•− +→→+ 332 NOHHNOOHNO                                      (3-2) 
 
In the presence of NOM, the removal of nitrites (reaction 3-2) does not proceed 
because the hydroxyl radicals react with NOM molecules.  Therefore, nitrites 
formed continue to increase as shown in Figure 3-42 for NOM-rich water. 
Solarska et al. (2002) reported that a faster rate of nitrite formation occurred 
when NOM-rich water was irradiated using 254+185 nm than using 254 nm 
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radiation. Also they reported that using VUV irradiation nitrite concentrations 
obtained were much higher for an atrazine sample in NOM-rich water than for 
NOM-rich water alone. Beltran et al. (1993) also noticed the formation of nitrites 
in irradiated atrazine solutions.  
 
Nitrite formation in NOM-rich water (15 mg/L) was significantly higher, nitrite 
concentration of 0.011 mg/L was measured after 60 minutes of UVC irradiation, 
double that obtained in NOM-free water. During the following 60 minutes of UV 
irradiation nitrite increased slightly to 0.013 mg/L (Figure 3-42). The increase in 
nitrite concentration after the complete removal of atrazine confirms that nitrite 
formation under these conditions is directly related to NOM breakdown. 
 
Similar trends for nitrite formation were observed for UVB photooxidation. 
However, nitrite concentration peaked after more than 120 minutes. This is 
consistent with the results obtained for atrazine degradation (section 3.1.6). The 
maximum nitrite concentration using UVB irradiation of atrazine was obtained in 
NOM-rich (15 mg/L) water, reaching 0.013 mg/L after 300 minutes of irradiation 
(Figure 3-43).  
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Figure 3-42: Nitrite formation in atrazine samples (Co= 5 mg/L) of varying 
NOM content during UVC irradiation 
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Figure 3-43: Nitrite formation in atrazine samples (Co= 5 mg/L) of varying 
NOM content during UVB irradiation 
 
Nitrite formation increased in the presence of 25 mg/L TiO2 for UVC, UVB and 
UVA irradiated atrazine solution (in NOM-free and NOM-rich water). This increase 
is suggested to be due to increased breakdown of atrazine and its by-products, 
and also the mineralization of NOM. However, it was observed that nitrite 
concentration, after reaching a maximum, decreased to a level lower than the 
initial concentration. Nitrite concentration was approximately 0.05 mg/L after 60 
minutes of UVC photooxidation in NOM-free water samples and then decreased 
to less than 0.02 mg/L at 2 hours TiO2 (Figure 3-44).  The decrease in nitrite 
concentration with continued irradiation could be due to the participation of NO-2 
in reactions involved with forming atrazine and NOM degradation products, or 
nitrite may be oxidised back to nitrate under certain conditions. These reactions 
may involve the OH● radicals formed in the presence of TiO2 (ie reaction 3-2), 
leading to decreased nitrites level.  Although nitrite formation by UVB and UVA 
irradiation displays a similar trend as for UVC, however nitrite formation was 
slower and lower concentrations were obtained (Figures 3-45 and 3-46). This 
correlate with atrazine degradation by UVB and UVA as discussed in section 
3.2.2 and 3.2.3.  
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Figure 3-44: Nitrite formation by UVC irradiation of atrazine of varying 
NOM content in the presence of TiO2 (25 mg/L) (Co (atrazine) 
=5 mg/L) 
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Figure 3-45: Nitrite formation by UVB irradiation of atrazine varying NOM 
content in the presence of TiO2 (25 mg/L) (Co (atrazine) =5 
mg/L) 
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Figure 3-46: Nitrite formation by UVA irradiation of atrazine varying NOM 
content in the presence of TiO2 (25 mg/L) (Co (atrazine) =5 
mg/L) 
 
The maximum nitrite concentration obtained in all atrazine photooxidation 
experiments was less than 0.15 mg/L. On the contrary, Solarska et al. (2002) 
reported a maximum nitrite concentration of 0.75 mg/L. The difference may be 
due to the use of different initial atrazine concentration (10 mg/L) in this study and 
the use of vacuum ultraviolet radiation (254+185 nm) in the study by Solarska et 
al. (2002). Other factors such as pH may also have influenced the results. 
 
The nitrite concentrations obtained in the present study neither exceed the 
Australian guideline for nitrite presence in drinking water of 3.0 mg/L (Australian 
National Environment Protection Council, 1999) nor the WHO guideline of 1.0 
mg/L (WHO, 2002). Therefore, it can be considered that UV photooxidation of 
atrazine samples does not lead to toxic levels of nitrite under the conditions used 
in this work. 
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CHAPTER FOUR 
 
 
 
4. CONCLUSSIONS  
 
 
Atrazine degradation by UV radiation in NOM-free water followed a decreased 
order of UVC > UVB > UVA.   UVC irradiation was the most efficient, where 
maximum removal with UVC was 4 times higher than that obtained for UVB.  
While, UVA was inefficient for atrazine degradation under the conditions tested.   
 
In the presence of NOM, atrazine degradation by UV radiation followed a 
decreased order of UVC> UVB > UVA.  The presence of NOM had an adverse 
effect on atrazine degradation compared with that in the absence of NOM which 
can be attributed to the screening effect of NOM for UV radiation.   
 
Atrazine degradation by UVA, UVB and UVC radiation in NOM-free and NOM-
rich water at 5 mg/L and 15 mg/L for initial concentrations of 5 and 10 mg/L 
showed a direct relationship with atrazine absorbance indicating that atrazine 
degradation occurred mainly due to direct photolysis.  
 
Atrazine removal using UVC radiation was more negatively affected compared 
with UVB in the presence of NOM indicating NOM molecules have higher 
screening effect for UVC wavelengths.   However, NOM had a positive impact on 
atrazine removal by UVA wavelength, which can be attributed to NOM molecules 
act as photosensitizer when irradiated at visible or near UVA wavelength. The 
positive effect of NOM was not enough for UVA performance to over perform 
UVB or UVC for atrazine degradation. 
 
Assessing the results obtained in this study based on published literature on UV 
atrazine degradation by-products, it is concluded that the main two by-products 
formed during UV radiation, under conditions tested, are DEA and DIA. 
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The trend in NOM removal as indicated by absorbance at 254 for UVC, UVB and 
UVA indicated that photolysis of atrazine is the dominating mechanism during the 
initial fast stage of atrazine removal and attenuation by NOM is predominant 
during the slow stage.  Also, NOM photolysis occurs simultaneously with atrazine 
breakdown. 
 
Absorbance at 254 for UVC treated atrazine solution showed an increase for 
atrazine in NOM-free water clearly indicating the formation of by-products that 
have higher absorbance for UVC than atrazine, identified as DEA and DIA. The 
absorbance trend in NOM-rich water indicate that NOM photolysis occur 
simultaneously with atrazine breakdown, the net NOM removal was larger and 
faster than the formation of by-products leading to a net decrease in absorbance 
at 254 nm. 
 
For UVB, the net decrease in absorbance at 254 nm for atrazine in NOM-rich 
water was less than that observed for UVC, while an increase was observed in 
NOM-free water. This indicated that similar to UVC photolysis and attenuation is 
the mechanisms responsible for atrazine degradation under the conditions 
tested.  
 
The use of photocatalyst TiO2 (25 mg/L) in water has a positive impact on 
atrazine removal by UVC, UVB and UVA. This effect is attributed to the 
breakdown of atrazine by the hydroxyl radical (OH●) adding to atrazine removal 
via direct photolysis. However, the presence of NOM molecules resulted in 
slower atrazine removal likely because OH● radicals attack both atrazine and 
NOM molecules.  
 
The use of higher concentration of TiO2 (at 125 mg/L) has a negative impact on 
atrazine removal by UVC and UVB irradiations. This reduction in atrazine 
removal is due to the shield effect of the TiO2 particles which obstruct the 
radiation from reaching atrazine molecules. On the other hand, the increase of 
TiO2 led to a slight increase in atrazine removal by UVA, which correlates with 
the high absorpitivity of TiO2 for UVA wavelengths.    
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The results obtained suggest that treatment using UVC or UVB radiation 
processes under the conditions tested is insufficient for complete TOC removal 
treatment as the maximum removal obtained was less than 25% using UVC and 
less than 10% using UVB radiation. This is not the case if only atrazine 
concentration was the basis of assessment because 100% atrazine removal in 
less than 120 minutes was observed under some of the conditions tested. This 
poor TOC removal is likely due to the formation of the atrazine degradation 
products DEA and DIA. 
 
HPLC chromatograms for atrazine removal by UVC irradiation show 
disappearance of atrazine peaks and appearance of new peaks that continued to 
increase during the irradiated period. These peaks are indication of the formation 
of atrazine by-products (DEA and DIA) by UVC irradiation. Chromatograms did 
not show total disappearance of the atrazine by-products which support the TOC 
measured and explain the poor TOC removal.   
 
COD values decreased slowly during UVC, UVB and UVA irradiation processes. 
COD values were decreased faster by UVC than UVB and UVA regarding to its 
high efficiency to remove atrazine from water. COD values were higher in NOM-
rich waters than NOM-free water. Also COD values were higher in the presence 
of TiO2; the highest COD reduction achieved is by using UVC radiation in NOM-
free water and in the presence of 25 mg/L TiO2 was by 10%. This poor reduction 
of COD values is due to the formation of atrazine degradation products as well as 
NOM by-products when presented.  
 
The BOD decreased by up to 30% using UVC photooxidation. Also it has been 
reduced using UVB and UVA photooxidation, BOD values were not totally 
removed from water even atrazine was totally eliminated (in UVC irradiation) is 
regarding to the formation of atrazine by-products in water, which is seemed to 
be non-biodegradable.    
 
Atrazine and NOM removal was accompanied by the formation of nitrites. The 
use of UVC, UVB and UVA led to an increase in the level of nitrites both for 
atrazine in NOM-free and NOM-rich water. Nitrites concentrations in the 
presence of NOM were significantly higher than in the absence of NOM, which 
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suggests that the formation of nitrites is mainly due to NOM degradation. The 
maximum nitrite concentration obtained in all atrazine photooxidation 
experiments was less than 0.15 mg/L. Nitrite concentrations that have been 
obtained did not exceed the Australian guideline for nitrite presence in drinking 
water of 3.0 mg/L and the WHO guide line of 1.0 mg/L. Therefore, it can be 
considered that atrazine UV-photooxidation samples are non-toxic for the 
conditions tasted.  
 
Further research need to be conducted to use UVC irradiation in the presence of 
TiO2 for atrazine removal followed by another treatment such as activated carbon 
to remove atrazine by-products. The use of UVA irradiation is a cost effective 
way for atrazine removal from contaminated water. Further study in this field is 
worth while to be done. 
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